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ABSTRACT

Therapeutic impact of neural stem cells (NSCs) for acute

spinal cord injury (SCI) has been limited by the rapid loss
of donor cells. Neuroinflammation is likely the cause. As

there are close temporal-spatial correlations between the
inducible nitric oxide (NO) synthase expression and the
donor NSC death after neurotrauma, we reasoned that

NO-associated radical species might be the inflammatory
effectors which eliminate NSC grafts and kill host neu-
rons. To test this hypothesis, human NSCs (hNSCs: 5 3
10

4
to 2 3 10

6
per milliliter) were treated in vitro with

‘‘plain’’ medium, 20 lM glutamate, or donors of NO and

peroxynitrite (ONOO
2
; 100 and 400 lM of spermine or

DETA NONOate, and SIN-1, respectively). hNSC apopto-
sis primarily resulted from SIN-1 treatment, showing

ONOO
2
-triggered protein nitration and the activation of

p38 MAPK, cytochrome c release, and caspases. There-

fore, cell death following post-SCI (p.i.) NO surge may be

mediated through conversion of NO into ONOO
2
. We

subsequently examined such causal relationship in a rat

model of dual penetrating SCI using a retrievable design
of poly-lactic-co-glycolic acid (PLGA) scaffold seeded with
hNSCs that was shielded by drug-releasing polymer.

Besides confirming the ONOO
2
-induced cell death signal-

ing, we demonstrated that cotransplantation of PLGA film
embedded with ONOO2 scavenger, manganese (III) tetra-

kis (4-benzoic acid) porphyrin, or uric acid (1 lmol per
film), markedly protected hNSCs 24 hours p.i. (total: n 5
10). Our findings may provide a bioengineering approach
for investigating mechanisms underlying the host microen-
vironment and donor NSC interaction and help formulate

strategies for enhancing graft and host cell survival after
SCI. STEM CELLS 2009;27:1212–1222

Disclosure of potential conflicts of interest is found at the end of this article.

INTRODUCTION

Although post spinal cord injury (SCI; p.i.) neuroinflammation
damage persists chronically, the early release of inflammation
mediators, reactive nitrogen species (RNS) or reactive oxygen
species (ROS) free radicals, may dominate the immediate after-
math of donor cell loss [1, 2]. Although the detrimental and
beneficial effects of the secondary reactions p.i. are still under
debate [3–5], it is largely unknown as to how such
neuroinflammatory events affect the survival and therapeutic
potential of the undifferentiated neural stem cells (NSCs)
in vivo. Because of the expression profile difference in surface

receptors and intracellular targets between NSCs and mature
tissue, the mechanisms underlying adult tissue loss may not be
responsible for the acute donor NSC loss post-transplantation.

Nitric oxide (NO) and related RNS are a group of radicals
linked with the secondary pathology of SCI [1, 4, 5]. There are
close temporal correlations between the enhanced inducible ni-
tric oxide synthase (iNOS) expression after injury and the death
of NSC grafts [6–8] (i.e., within the first 12–72 hours after
injury), indicating a possible role for RNS radicals in triggering
the cell graft loss. Additionally, NSCs do not express ionotropic
glutamate receptors as mature neurons do, circumventing the
NMDA-receptor mediated Ca2þ influx or anoxia induced so-
dium influx [9–11]. Massive activation of iNOS increases tumor
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suppressor protein p53, cytochrome c release, chromatin con-
densation, and DNA fragmentation [12, 13], causing apoptosis
of the target cells [14]. Bursts of NO and superoxide (O2

�) are
produced by activated inflammatory cells, and these radicals
combine in a diffusion-limited reaction to form the highly reac-
tive peroxynitrite (ONOO�). ONOO� quickly combines with
CO2 to form nitrosoperoxycarbonate, which rapidly decomposes
to form carbonate radical and nitrogen dioxide, two potently re-
active radicals that are believed to be responsible for the delete-
rious cellular effects of ONOO� [15]. Recent in vitro studies
using a donor of NO or ONOO� demonstrated that these mole-
cules could induce apoptosis in murine NSCs or primary neu-
rons through p38 MAP kinase (MAPK) signaling, and p21-
MAPK-p19 induced p53 accumulation [16, 17]. Correspond-
ingly, activation of caspases and apoptosis in neurons could be
blocked by p38 MAPK inhibitors [18]. Conversely, the roles of
NO in neurogenesis and stem cell differentiation have also been
explored extensively [19], including the neuroprotective roles of
appropriate doses of NO in some neurodegenerative diseases
[20, 21]. These results raise the possibility that NO is an
upstream signaling molecule that can turn on protective or de-
structive pathways depending on its dose and derivatives as well
as the target cell’s developmental or pathophysiological status.
Therefore, we hypothesized that insults by inflammation media-
tors such as RNS and ROS radicals may be largely responsible
for the death of donor human NSCs (hNSCs) implanted acutely
following SCI. As NSCs produce neurotrophic factors, induce
host tissue regeneration, facilitate rebuilding of the synaptic net-
work, and activate compensatory mechanisms dormant during
physiological conditions [22–25], impeding the causal factors of
donor loss may augment the timely presence of NSCs at the
injury epicenter p.i., which is crucial toward the restoration of
tissue homeostasis to invoke neuroplasticity [26, 27]. We have
now tested the roles of NO and ONOO� on the survival of
hNSCs in vitro as well as in the p.i. spinal cord by establishing a
novel approach of identifying cell death signals via interactive
systems of hNSCs and compound-embedded polymers, and
using scavenger-releasing poly-lactic-co-glycolic acid (PLGA)
polymer films to protect hNSCs in vivo p.i. [28].

MATERIALS AND METHODS

All chemicals were purchased from Axxora (San Diego, CA,
http://www.axxora.com) unless specified otherwise. (Z)-1-{N-[3-
Aminopropyl]-N-[4-(3-aminopropylammonio)butyl]-amino}-dia-
zen-1-ium-1,2-diolate (Spermine NONOate) and (Z)-1-[2-(2-
Aminoethyl)-N-(2-ammonioethyl) amino]diazen-1-ium-1,2-dio-
late (DETA NONOate) were used as NO donors in the medium.
For detailed information regarding items listed below, see sup-
porting information.

Culture and Pharmacological Treatments of hNSCs

Human fetal brain neural progenitor cells [29] (polyclonal cell
line HFB2050) were maintained in serum free Neurobasal me-
dium (Invitrogen, Grand Island, NY, http://www.invitrogen.com)
containing a combination of growth factors at 37�C in a humidi-
fied 5% CO2/air incubator.

Cell Death Assays

Apoptosis assays were run with reagent kits (Roche Applied Sci-
ences, Indianapolis, IN, http://www.roche-applied-science.com).
Caspase assays were run with the ApoAlertTM Caspase Fluores-
cent Assay Kits (BD Biosciences, San Diego, CA, http://
www.bdbiosciences.com). Immunoblotting and immunocytochem-
istry (ICC) for cytochrome c and upstream signals were per-
formed as previously described [12, 13, 30].

Fabrication of Scavenger-Releasing PLGA Films
and Drug Release Capacity Assessment

To assess the effects of ONOO� qualitatively in vivo, we pre-
pared PLGA-scavenger depots using appropriate organic solvents
[31]. In a 1:10 weight ratio design, uric acid (UA: 3.4 mg; �20
lmol) was suspended in a solution of PLGA (34 mg) dissolved
in 800 ll CH2Cl2, and manganese (III) tetrakis (4-benzoic acid)
porphyrin (MnTBAP: 10 mg; �11 lmol) dissolved in 454 ll tet-
rahydrofuran containing 100 mg PLGA. Subsequently, a drop of
the mixture (20 ll) was disposed onto a cover glass and allowed
to form a uniformly thin film. This results in each cover glass
carrying 0.5 lmol scavenger per film after the organic solvent
evaporation. Additionally, a 1:3 weight ratio between MnTBAP
and PLGA was used to produce 1 lmol scavenger films.

We measured the drug release time-course by UV spectros-
copy. Briefly, scavenger-embedded PLGA films were incubated
in medium with either 0, 0.5, or 1.0 million cells per unit. Sam-
ples were taken from each unit at 5, 24, 48, 72, and 168 hours,
immediately frozen, and stored at �20�C. To determine the total
amount of MnTBAP released, 100 ll of each sample was mixed
with 100 ll of 600 mM potassium phosphate buffer at pH 7.0.
For UA, 20 ll of each sample was mixed with 100 ll of the po-
tassium phosphate buffer and 80 ll of deionized water. The ab-
sorbance of MnTBAP at k ¼ 468 nm and of UA at k ¼ 293 nm
were read using the extinction coefficients of 93,000 M�1 cm�1

for MnTBAP [32] and 12,000 M�1 cm�1 for UA [33] to calculate
the released amount of each drug.

To evaluate whether the drug embedded in PLGA films still
retained ONOO�-scavenging capability, we used the selective
fluorescent indicator for ONOO�, dihydrorhodamine 123
(DHR123), to measure the levels of ONOO� in the medium after
the ONOO� donor, SIN-1 chloride (3-morpholinosydnonimine
[product number: ALX-430-002]; SIN-1) was coincubated with
PLGA films embedded with MnTBAP. Each cell medium was
sampled in 30 min intervals with a 200 ll unit volume, and the
level of ONOO� was measured at kex ¼ 500 nm and kem ¼ 536
nm after DHR123 was dissolved (final dilution: 10 lM).

Assessment of the Neuroprotective Effects of Drugs
Embedded in PLGA Polymers In Vivo

Adult female Sprague-Dawley rats (225–250 g; total: n ¼ 10;
Charles River Labs, Wilmington, MA, http://www.criver.com)
were used for the creation of two penetrating injuries per rat at
T7-8 and L2-3, respectively (Fig. 1). All animal protocols were
in accordance with the Harvard Medical School IACUC guide-
lines. For each SCI site, midline hemisections were created using
a size 11 scalpel [24], under adequate anesthesia [30]. Spinal
cord tissue between the hemisections was removed using a pair
of iris scissors (injury gap length: 2 mm; [24]), and hemostasis
was achieved using Gelfoam (Pfizer, New York, NY, http://
www.pfizer.com). For the nonretrieval study evaluating the
implant effect on host tissue (total: n ¼ 6), a circular PLGA poly-
mer film (f ¼ 4 mm; thickness: �500 lm) embedded with
MnTBAP or UA (n ¼ 3 for each) was inserted into either T7-8
or L2-3 epicenter to cover the ventral bottom first, and wrap up
the lateral side of the implanted porous PLGA scaffold (300–400
lm pore size; dimensions: 2 � 3 � 2, unit: mm) seeded with
hNSCs. Inside the other injury epicenter, a PLGA polymer film
not embedded with drug was used as a control treatment. Thus,
with the two SCI sites (T7-8 vs. L2-3) well separated, and the
second injury being done immediately following the first one as
well as the two loci alternated for receiving the treatments in dif-
ferent animals, our dual penetrating SCI model eliminates com-
mon variables incurring in cross-animal studies and renders other
elements potentially affecting donor cell survival (e.g., blood cir-
culation, edema) as systematical factors for either SCI site (see
Results for comparable outcomes). Twenty-four hours p.i., the
reanesthetized rats were perfused for histopathological analysis,
as previously reported [24].

Yu, Neeley, Pritchard et al. 1213

www.StemCells.com



Systematical and Unbiased Cell Counting

In a separate experiment series (n ¼ 4), scaffolds seeded with
hNSCs were wrapped in a nylon-net shell with 30-lm pore size
(Millipore, Billerica, MA, http://www.millipore.com) before im-
plantation, and PLGA films embedded with MnTBAP (drug pro-
tection) and plain PLGA films (control) were used in combination
to study the effects of drug protection on donor hNSC survival
(Fig. 1). The animals were reanesthetized 24 hours p.i., and the
scaffolds wrapped in nylon net removed before perfusion of the
animals. The removed scaffolds were immediately immersed in
4% paraformaldehyde (PFA) in 0.1 M PB for overnight fixation,
cryoprotected in 30% sucrose, separated from the nylon net shell
using a size 15 scalpel, embedded in OCT compound, and cut
into 20-lm serial sections for ICC analysis. Our cell quantifica-
tion methods were adapted from previous studies [34]. Briefly,
the retrieved scaffolds with comparable dimensions (2 � 0.1 �
2.5 � 0.3 � 1.8 � 0.2, unit: mm; n ¼ 4 [dual injuries] for scaf-
folds with MnTBAP protection or without drug protection,
respectively) were embedded in pairs with the same orientation.
Serial 20 lm sections were cryostatted, and eight sections 200
lm apart from each other sequentially sampled from each series.
Preimplantation hNSC-seeded scaffolds (n ¼ 6) were used as
intact controls. Sections were then double-labeled for ICC identi-
fication of hNSCs (hNestin [1:200; Millipore, Billerica, MA]
coupled with 40,6-diamidino-2-phenylindole (DAPI) nuclei stain-
ing [Vector Labs, Burlingame, CA, http://www.vectorlabs.com]),
and hNSCs underwent apoptosis (using antibodies against cleaved
caspase 3 [1:100; Cell Signaling, Danvers, MA, http://www.
cellsignal.com]). The use of 50 lm grids for quantifying cells in
a single section together with sampling the adjacent sections
200 lm apart ensured that no estimate inflation occurred due to
repeated counting of the same cells. The total number of hNSCs
(i.e., hNestin positive cells) in each section was recorded for
deriving the percentage of apoptotic hNSCs (i.e., presenting
cleaved caspase 3).

RESULTS

ONOO
2
, But Not NO, Induces hNSC Apoptosis

The following series of cell death assays were run to compare
the effects of NO and ONOO� on hNSCs using specific donors
of either molecules: spermine NONOate for NO and SIN-1 for
ONOO�, which have similar half-lives in solution (39 minutes
and 26 minutes at 37�C, respectively). The oxygen consumption
due to the breakdown of SIN-1 was monitored, and a 10%–
15% O2 level drop was observed using a dissolved oxygen
(DO) meter (Jenco, San Diego, CA, http://www.jencoi.com) 90
minutes after the donors were added to the solution (supporting
information Fig. 1). To avoid the potential proapoptotic impacts
resulting from low levels of DO in the cell culture medium, we
replenished the culture solution with fresh medium containing
freshly dissolved SIN-1 every 30 minutes during the 3 hours of
incubation.

Outcomes of Annexin V-FLUOS Assay. In Figure 2A–E,
all the trichannel images of the hNSCs attached to cover glass
showed no intracellular presence of propidium iodide (PI;
red), indicating that necrosis due to compromised membrane
integrity and intracellular diffusion of PI did not yet occur af-
ter the 3 hours drug stimulation. Green fluorescence with a
clear cellular outline profile, conversely, is specifically indica-
tive of apoptosis when annexin V binds to the translocated
phosphatidylserine on the external cell surface. Under control
conditions, some green fluorescence could be observed, but
appeared to be trapped mainly in spaces between cells result-
ing, perhaps, from insufficient washing (Fig. 2A). In contrast,

Figure 1. Schematic representation of the in vivo study model. (A):
hNSCs were seeded onto PLGA scaffolds and a porous nylon net was
trimmed to deliver hNSC-coated scaffold in retrieval studies, but not in
nonretrieval studies; (B) PLGA films were embedded with a scavenger
compound for ONOO� (þ) and control ‘‘plain’’ PLGA films were not
embedded with drugs (�); (C) dual penetrating SCI model was created
in rat spinal cord at T7-8 and L2-3 levels; (D) the drug-embedded
PLGA film is inserted at the bottom of the SCI cavity, followed by the
placement of a nylon net-held scaffold seeded with hNSCs in retrieval
studies or hNSC-seeded scaffolds only in nonretrieval studies (not
shown); (E) the extralength of the nylon net was folded for wound clo-
sure and the drug-embedded PLGA film was folded to cover the lateral
side of the implant; (F) the scaffold was recovered by retrieving the
nylon net at predetermined time points for immunocytochemistry (ICC)
analysis. Nonretrieval experiments were used for spinal cord tissue ICC
analysis. Abbreviations: hNSCs, human neural stem cells; PLGA, poly-
lactic-co-glycolic acid; SCI, spinal cord injury.
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stimulation with 400 lM SIN-1 led to strong green fluore-
sence on the outer surface of hNSCs, showing a clear cell
body profile (Fig. 2B). Coincubation with scavenger for
ONOO�, MnTBAP (100 lM) or UA (100 lM), eliminated
the effect (Fig. 2C, 2D). To detect the possible roles of exci-
totoxicity in causing the acute death of hNSC postimplanta-
tion, we used glutamate stimulation (20 lM for 3 hours; nor-
mal CSF glutamate level is �0.3 lM [35]) to trigger
excitotoxicity in hNSCs; neither apoptotic nor necrotic cell
death was observed (Fig. 2E). Similar outcomes were seen in
hNSCs suspensions (Fig. 2F). Last, cell counting indicated
that spermine NONOate did not induce similar levels of cell
death as SIN-1 exposure did in a dose-dependent manner.

TUNEL Assay Results. To further verify the findings of
annexin V-FLUOS assay, we incubated hNSCs with reagents
of the TUNEL assay kit for 1 hour at 37�C after hNSCs were
fixed in 4% PFA and permeabilized following stimulation
using NO and ONOO� donors. TUNEL was designed for
labeling DNA strand breaks that occur during the early stages
of apoptosis; in controls, virtually no green fluorescence was
seen in either the attached hNSCs (Fig. 3A) or hNSCs in sus-
pension (Fig. 3E). NO donor spermine NONOate did not cause

apoptosis in these cells (Fig. 3E), consistent with the result of
annexin V-FLUOS assay. By contrast, SIN-1 treatment dose-
dependently induced DNA breakage in hNSCs in both the
attached (Fig. 3B) and suspension forms (Fig. 3E), mimicking
the effects of DNase I (i.e., the positive controls; Fig. 3E) and
in agreement with annexin V-FLUOS assay results. The addi-
tion of the ONOO� scavengers MnTBAP (100 lM) or UA
(100 lM) blocked the apoptotic effect of SIN-1 and rendered
the outcomes similar to those of the controls, providing further
evidence that ONOO� causes hNSC apoptosis, but not NO.

Nitrotyrosine Footprinting in hNSCs. ONOO� reacts with
target proteins and leaves behind the end product nitrotyro-
sine, a reliable marker for the functional presence of ONOO�

[20]. Using ICC staining for nitrotyrosine, we confirmed that
the deleterious effects of SIN-1 were indeed due to the ele-
vated levels of ONOO� nitration (Fig. 4), which was com-
pletely absent in controls and efficiently prevented by coincu-
bation with ONOO� scavengers MnTBAP or UA (Fig. 4).

In summary, the aforementioned in vitro experiments
clearly demonstrate that ONOO� exposure results in hNSC
death, and treatments that scavenge ONOO� can prevent the
lethal effects of ONOO� on hNSCs.

Figure 2. Annexin V-FLUOS assay. Human
neural stem cells (hNSCs) were prepared as
attached colonies on cover glass before drug
stimulation: (A) under the control condition,
no drugs were given and no cells displayed
positive membrane stain profile of annexin V;
(B) stimulation using 400 lM 3-morpholino-
sydnonimine (SIN-1) for 3 hours induced
strong membrane staining profile for annexin
V (green), but no PI staining (red) inside the
cells; costimulation using SIN-1 (400 lM)
with either (C) 100 lM Mn (III) tetrakis (4-
benzoic acid) porphyrin chloride (MnTBAP) or
(D) 100 lM UA blocked the cell death effect
of SIN-1; and (E) stimulation with 20 lM glu-
tamate induced neither positive PI staining nor
positive annexin V staining. For data presented
in (F), hNSCs prepared as suspension before
drug stimulation demonstrated similar results
to the attached cells, in that SIN-1 (200 and
400 lM) dose-dependently induced positive
annexin V staining pattern in significantly
higher percentages of cells versus the negative
outcome of the ‘‘plain’’ medium control or
treatment with the NO donor (Z)-1-{N-[3-
Aminopropyl]-N-[4-(3aminopropylammonio)-
butyl]-amino}-diazen-1-ium-1,2-diolate (sperm-
ine NONOate, 200 lM; error bars represent
standard error, n ¼ 3, *p < .05, paired t test,
details see supporting information Table).
Importantly, 200 lM MnTBAP or UA treatment
markedly mitigated such cell death triggered by
exposure to SIN-1. Scale bar ¼ 500 lm. Abbre-
viations: DAPI, 40,6-diamidino-2-phenylindole;
PI, propidium iodide; UA, uric acid.

Yu, Neeley, Pritchard et al. 1215

www.StemCells.com



Identification of the Signaling Pathways Involved in
the Effects of NO or ONOO2 on hNSCs

The outcome measurements listed below demonstrate the mo-
lecular pathways underlying the effects of NO or ONOO� on
hNSCs. ONOO� has been linked with several cell death sig-
naling pathways in genetically engineered murine cells mani-
festing NSC-like properties [16] or other cell types [36],
among which the activation of p38 MAPK, and cytochrome c
release from mitochondria were shown to underlie the proa-
poptotic effects of ONOO� and the eventual activation of cas-
pases. Although we speculated that multiple signaling path-
ways likely coexist in the in vivo settings, we believed that
clear targets along each specific signaling pathway should be
identified, so that antiapoptosis strategies might be developed
to enhance the postimplantation survival of hNSCs in addition
to identifying hNSC-related cell death signaling pathways.

For the present study, we focused on one of the well-reported
signaling pathways: ONOO� – p38 MAPK – cytochrome c
release – caspase activation.

Western Blot and ICC Analysis of Upstream
Signaling Pathways

Erk (a signaling kinase of cell survival which can be activated
by free radicals; [16, 17]) and p38 MAPK phosphorylation
were examined by Western Blot. Using total Erk or total p38
MAPK as control proteins to ensure equal sample loading, we
probed for their phosphorylated forms. Both Erk and p38
MAPK were shown strongly phosphorylated in cells treated
with SIN-1 (400 lM) alone (Fig. 5A, 5B), but not with
spermine NONOate (400 lM). Treatment with MnTBAP (200
lM) or UA (200 lM) attenuated the SIN-1 effect. The phos-
phorylation of p38 MAPK could be localized to mitochondria,
as shown in the double-labeling ICC using antibodies against
both phospho-p38 MAPK (arrows, Fig. 5C, red) and human
mitochondria (hMito; Fig. 5C, green dots). The phosphoryla-
tion of p38 MAPK could be correlated to the translocation of
cytochrome c from the mitochondria to the cytosol in hNSCs
stimulated with SIN-1 (400 lM), which was shown in West-
ern Blots using separated protein samples from either the mi-
tochondria or cytosol fractions of the cell homogenate (Fig.
5D). COX4 and b-actin were used as control proteins for the
mitochondria and cytosol fractions, respectively, to ensure
that an equal amount of total proteins were sampled. After 6
hours of stimulation, SIN-1 exposure dose-dependently (100
and 400 lM) induced the mitochondrial release of cytochrome
c to the cytosol, mimicking the effect of the positive control,
staurosporine stimulation (0.2 lg/ml). DETA NONOate (100
and 400 lM), however, did not have the same effect. Diffuse
labeling of cytoplasmic cytochrome c (arrows, green, Fig. 5E)
could be seen only in cells stimulated by SIN-1 for 3 hours,
but not in controls. Coincubation with MnTBAP (100 lM) or
UA (100 lM) blocked the translocation. Finally, both Western
Blot and ICC demonstrated that incubation with SIN-1 also
increased the activation of caspase 3, but not when coincu-
bated with MnTBAP or UA (Fig. 5F, 5G). Our data indicated
that SIN-1 stimulation initiated a cascade of apoptotic events
inside the hNSCs, which led to hNSC apoptosis as detected in
the apoptosis assays. Moreover, the activation of each key
signaling molecule could be blocked or markedly attenuated
by ONOO� scavenging.

Fluorescent Detection of the Activation of Caspase 3, 8, and
9. Fluorescence-labeled substrates for caspase 3, 8, and 9
were used to exhibit the activation of these caspases quantita-
tively based on the color shift. Figure 5H shows the detected
fluorescent levels of each enzymatic reaction in the hNSCs
treated with spermine NONOate or SIN-1, with or without
MnTBAP. These data indicate that caspase 9 and its down-
stream effector caspase 3 were activated by ONOO�, but not
by NO; however, the effects of ONOO� could be eliminated
by MnTBAP, an outcome that was consistent with the find-
ings of other assays showing that NO itself did not induce
hNSC apoptosis. Our results also suggested that caspase 8
was not involved in the apparent proapoptotic effects of
ONOO� on the hNSCs in vitro (data not shown).

Drug-Releasing PLGA Films and Their Capability
to Scavenge ONOO2

We then proceeded to embed MnTBAP or UA in PLGA
films, so that we could ultimately implant hNSC-seeded scaf-
folds together with drug-releasing PLGA films to test the abil-
ity of these drugs to inhibit the effects of ONOO� on hNSCs

Figure 3. TUNEL assay. Human NSCs (hNSCs) were prepared as
attached colonies on cover glass before drug stimulation: (A) under the
control condition, no cells displayed positive nuclear stain profile of
TUNEL labeling (green); (B) stimulation using 400 lM SIN-1 for 3 hours
induced strong nuclear staining profile (green), overlapping with DAPI
stain (blue); costimulation using SIN-1 (400 lM) with either 100 lM
MnTBAP (C) or 100 lM UA (D) blocked the SIN-1 effect. Additionally,
hNSCs prepared as suspension before drug stimulation demonstrated simi-
lar results to the attached cells (E), in that SIN-1 (200 and 400 lM)
induced positive TUNEL staining pattern in significantly higher percen-
tages of cells than ‘‘plain’’ medium control or treatment with spermine
NONOate (200 lM; error bars represent SEM, n ¼ 3, *p < .05, paired t
test, details see supporting information Table). Both MnTBAP and UA
(200 lM) diminished the cell death effect of SIN-1. Scale bar ¼ 500 lm.
Abbreviations: DAPI, 40,6-diamidino-2-phenylindole; MnTBAP, manga-
nese (III) tetrakis (4-benzoic acid) porphyrin; UA, uric acid; TUNEL, ter-
minal deoxynucleotidyl transferease dUTP nick end labeling.
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in vivo. We embedded ONOO� scavengers in the PLGA films
to ensure localized and continuous supply of the scavengers
to the intended target: the implanted hNSCs and the host tis-
sue at the injury epicenter p.i. A schematic demonstration of
how the in vivo experiments were conducted is presented in
Figure 1. In our design, the implementation of the porous ny-
lon net was intended to ensure a clean removal of the scaf-
folds 24 hours postimplantation, without interfering with the
exposure of donor hNSCs to the endogenous RNS radicals.
This initial step toward the definitive in vivo SCI study was
taken to confirm that drugs were indeed embedded in the
polymer films and they could be released to impact the adja-
cent microenvironment over time.

Because of the difficulties with accurately measuring the
total volume of tissue fluid exposed to the drug-releasing
PLGA film and the rate of PLGA polymer degradation at the
injury epicenter in vivo, using a parallel in vitro system to
characterize the drug-releasing capabilities became a reasona-
ble alternative for proof of principle. In this setting, plain cell
culture medium or medium with measurable cell numbers and
fluid volume could be used to estimate drug-releasing profiles
quantitatively, thus enabling us to assess the basic releasing
dynamics of the drug-embedded PLGA films.

To do so, we first measured the release of embedded drugs
from the films in plain cell culture medium. Our data showed a
sustainable release of MnTBAP and UA embedded, respectively,
in the PLGA films (Fig. 6A). Interestingly, the presence of hNSCs
in the cell medium expedited the release (Fig. 6B). However, UA
demonstrated a faster rate of release than MnTBAP, probably due
to its smaller molecular size and higher aqueous solubility, which
led to less restraint by the PLGA polymer.

The efficacy of the drug released from the polymer film
to scavenge ONOO� was another concern because it was not
immediately clear whether the fabrication process of the drug-
releasing polymer films altered the reactivity of these drugs.
Therefore, we used DHR 123, a specific fluorescent indicator
for ONOO�, to quantify the levels of ONOO� in cell culture
medium containing the same doses of SIN-1 (400 lM), with
or without the MnTBAP-releasing films [38]. The results indi-
cate that PLGA films embedded with MnTBAP (1 lmol/film)

adequately scavenged ONOO� (Fig. 6C). Hence, modifying
the drug/polymer composition weight ratio in the films could
change the dynamics of drug release as well as the resultant
scavenging capability in the culture medium. We then used
such drug-release dynamics obtained in vitro to guide the
implant design for the following in vivo studies.

In Vivo Experiments Using Drug-Releasing PLGA
Films to Protect Donor hNSCs

The roles of ONOO� in the acute donor hNSC death p.i. in vivo
were verified by eliminating implantation site ONOO� with
coimplanted scavenger-releasing PLGA films. Based on the in
vitro scavenger-releasing dynamics (Fig. 6), we coimplanted
hNSC-seeded scaffold with PLGA films embedded with
MnTBAP or UA (1 lmol/film) in one hemisection site, and with
‘‘plain’’ films in the other (Fig. 1). At 24 hours p.i., analysis of the
retrieved scaffolds showed phosphorylation of p38 MAPK in
hNSCs that were cotransplanted with control polymer films (Fig.
7A�, arrows), whereas with the protection from PLGA films em-
bedded with an ONOO� scavenger, most hNSCs at the injury epi-
center did not have elevated p38 phosphorylation (Fig. 7Aþ).
Accordingly, the levels of nitrotyrosine in the hNSCs were high
and present in almost every hNSCs that were cotransplanted with
plain polymer film (Fig. 7B�, arrows); however, PLGA films em-
bedded with an ONOO� scavenger prevented nitrotyrosine accu-
mulation in most hNSCs. ICC on caspase 3 activation revealed
that without ONOO� scavenger protection, the majority of donor
hNSCs underwent acute apoptosis mediated via caspase 3 activa-
tion (Fig. 7C�). By contrast, ONOO� scavengers released from
the PLGA films provided effective protection against apoptosis of
hNSCs during the acute stage p.i. (Fig. 7Cþ). ICC-based morpho-
logical analysis of the epicenter tissue of the injured spinal cord
also showed that scaffolds seeded with hNSCs under the scav-
enger protection were more effective in preventing secondary cel-
lular damage 24 hours p.i. For instance, without the presence of
PLGA films containing ONOO� scavenger, levels of both the
active caspase 3 and nitrotyrosine were higher in the host tissue
24 hours p.i. (Fig. 7D�), relative to those with protection from
scavengers embedded in PLGA films (Fig. 7Dþ). These facts

Figure 4. Nitrotyrosine immunocyto-
chemistry (ICC). All human NSCs were
ICC positive for the human marker, hHsp;
green. (A): Under the control condition, no
drugs were added to the culture medium
and no nitrotyrosine was detected (red); (B)
stimulation using SIN-1 (400 lM) induced
high levels of detectable protein nitration,
showing positive nitrotyrosine staining
(red) in nearly every cell. Coadministration
of either 100 lM MnTBAP (C) or 100 lM
UA (D) eliminated this effect. Scale bar ¼
500 lm. Abbreviations: DAPI, 40,6-diami-
dino-2-phenylindole; hHsp, human heat-
shock protein 27; MnTBAP, manganese
(III) tetrakis (4-benzoic acid) porphyrin;
UA, uric acid.
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suggested that MnTBAP released from local polymers scavenged
ONOO�; CSF circulation, which is compromised following pene-
trating SCI, did not carry any effective drug doses to the control
site. Outcomes of the cell counting study further confirmed con-
clusions drawn from ICC analyses (Fig. 7). Using an unbiased
cell quantification method [see Methods], we calculated the per-
centage of apoptotic hNSCs (i.e., presenting cleaved caspase 3)
among total hNSCs (i.e., hNestin-positive cells) in sections
sequentially sampled from each polymer implant that was
retrieved from the SCI epicenter at 24 hours p.i. (n ¼ 4 for scaf-
folds with MnTBAP protection or without drug protection,
respectively). Preimplantation hNSC-seeded scaffolds (n ¼ 6)
were used as intact controls. We found that relative to the control
implants, MnTBAP-releasing film significantly reduced the aver-
age percentage of hNSCs carrying activated caspase 3, with miti-

gation rates ranging from �40% to �70% at different loci sys-
tematically sampled along the entire length of the implant (p <
.005–.0004, paired t test; supporting information Fig. 2C). Inter-
estingly, scaffolds with MnTBAP also yielded significantly higher
total hNSC numbers after retrieval, compared with the controls
(supporting information Fig. 2A). Taken together, these in vivo
experimental data, analyzed in situ or in vitro, suggest that
ONOO� indeed plays a major role in donor hNSCs death in the
acutely injured spinal cord.

DISCUSSION

Functional deficits resulting from traumatic SCI are due to the
loss of mature axons and neurons. In addition, the

Figure 5. The cell death signaling pathways that were activated by SIN-1 exposure. (A): Western Blot assay indicated that SIN-1 (400 lM) treat-
ment strongly stimulated Erk phosphorylation in human NSCs (hNSCs), relative to the control (no drug) or spermine NONOate (400 lM) exposure.
Either MnTBAP or UA (200 lM) mitigated this effect of SIN-1; (B) a similar stimulating effect was observed in p38 phosphorylation; (C): Immuno-
cytochemistry (ICC) colocalizations (arrows) of phospho-p38 (red) and human mitochondria (hMito; green; scale bar ¼ 50 lm) were present in SIN-1
(400 lM) stimulated cells only; (D) cytochrome c (Cy C) release from mitochondria to the cytosol is a trigger for the activation of downstream cas-
pases. SIN-1 (100 and 400 lM) dose-dependently stimulated this process, whereas the NO donor (DETA NONOate or DETA: 100 or 400 lM) had
very little effect. Staurosporine (0.2 lg/ml) was used as positive control, and control proteins (CP: COX4 for mitochondria, b-actin for cytosol) were
used to ensure equal loading of protein for each assay; (E) ICC detection of mitochondrial release of cytochrome c (green; scale bar ¼ 50 lm) to the
cytosol was only seen in SIN-1 (400 lM) stimulated cells; (F) Western Blot for caspase 3 showed that only SIN-1 (100 and 400 lM) stimulated cas-
pase 3 activation; (G) the cleaved (activated) form of caspase 3 (green; scale bar ¼ 500 lm) was only observed in hNSCs (red; human nestin or hNes-
tin) exposed to SIN-1 (400 lM); (H) Caspase assays: the whole cell lysate of hNSCs treated with different drugs was used. Both caspase 3 and 9
showed significant activation following SIN-1 (200 and 400 lM) stimulation relative to the control (i.e., plain medium) or exposure to spermine NON-
Oate (200 lM, NO donor; error bars represent SEM, n ¼ 3, *p < .05, paired t test, details see supporting information Table). Coadministration of
MnTBAP (200 lM) significantly reduced activation of both caspases and there was no significant detections/changes in caspase 8 in the SIN-1 (400
lM) treated samples (data not shown) due to its known absence in NSCs [37]. Abbreviations: DAPI, 40,6-diamidino-2-phenylindole; DETA or DETA
NONOate, (Z)-1-[2-(2-Aminoethyl)-N-(2-ammonioethyl) amino]diazen-1-ium-1,2-diolate; hMito, human mitochondria; MnTBAP, manganese (III)
tetrakis (4-benzoic acid) porphyrin; SIN-1, 3 morpholinosydnonimine; UA, uric acid.
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extracellular microenvironment that supports proper inter-
neuronal activity is also severely damaged, with consequent
inflammatory events rendering the injury site uninhabitable to
donor stem cells [1]. Therefore, the effective regeneration of
the spinal cord requires two main elements: donor cells with
remarkable regenerative capabilities and a proregenerative
extracellular microenvironment that promotes donor cell sur-
vival and proper differentiation, the regrowth of host axons,
and the functional reorganization of the neurites and neural
circuitries (i.e., neural plasticity).

To date, effective therapy for SCI using stem cells is still
far from reality. One of the most challenging barriers may re-

side in an important aspect of the p.i. pathology: the swift de-
velopment of toxicity and inflammation at the injury epicenter
that can jeopardize the initial survival and repair potential of
the donor cells [39]. Postinjury pathophysiology usually
involves two processes: the primary injury, mostly caused by
mechanical insults, and the secondary injury events (within
minutes to weeks or even months after SCI), in which height-
ened release of proinflammatory cytokines (e.g., TNF-a and
IL-1b) [40–42]; oxidative stress, ischemia, and free radicals
produced by leukocytes, macrophages, and microglia; gluta-
mate metabolism impairment due to cytokines and free radi-
cals leading to excitatory cytotoxicity [43, 44]; breakdown of
the blood–brain barrier and neural tissues by phospholipase
A2, arachidonic acid, eicosanoids, extracellular matrix-degrad-
ing enzymes such as metalloproteinase [1, 45–49]; pathologi-
cal autoimmune response mediated by activated lymphocytes;
all leading to protein nitration, breaking down of lipids and
nucleic acids, demyelination and apoptosis as well as neuroin-
flammation. This complex cascade of interactive events not
only exacerbates tissue/cell loss, but also impedes repair
mechanisms through, for instance, limiting the survival of the
donor cells [50]. In fact, observations made by others and our
own group indicate that only a very small amount of the do-
nor cells (i.e., �1%–2%) could survive beyond the initial 7–
10 days if implanted immediately following SCI; conversely,
delayed transplantation showed improved grafting in the
lesioned spinal cord [51]. Hence, there is an evident need to
develop in vivo strategies to overcome the early stage donor
cell loss following SCI. Although there are multiple cell death
pathways activated by SCI, by limiting the study window to
24 hours p.i., we were able to identify that ROS and RNS
radicals present at the epicenter, such as those produced by
ONOO�, appear to play critical roles in triggering cell death
and, in a broader sense, mediating inflammation after SCI.
Importantly, effective measures to slow down these changes
provided by drug-releasing scaffolds mitigated the activation
of cell death signals and significantly augmented hNSC sur-
vival. Donor cell survival beyond 24 hours is certainly a criti-
cal goal for therapeutic development. Although 24-hours p.i.
offers an effective window for examining the roles of
ONOO� [1, 7], we are currently investigating longer term
protective impacts of our approach [52], which will be
published separately in the future.

The development of oxidative stress following SCI
involves ROS and RNS toxicology [53, 54]. In contrast to
other common secondary inflammatory or neurotoxic signals,
NO benefits stem cell development at basal physiological lev-
els but becomes detrimental when its concentration spikes,
such as during the inflammatory response [5, 55, 56]. Our
results showed that the surge in ONOO� is an integral and
essential component of the secondary injury event that com-
promises donor hNSC survival and exacerbates tissue dam-
ages p.i. Although there are natural defense mechanisms in
the CNS against the variety of oxidants, namely, ascorbic
acid (vitamin C, a hydrophilic antioxidant), a-tocopherol
(vitamin E, a hydrophobic antioxidant, against lipid peroxida-
tion), glutathione (an intracellular tripeptide, scavenges ROS
radicals), lipoic acid, UA, and enzymes such as superoxide
dismutase (SOD), catalase, and glutathione peroxidase
(degrading O2

� and hydroxyl radical [�OH]), neurotrophic
factors autocrined or supplied to NSCs also facilitate their
survival against oxidative insults [57, 58]. The activation of
Erk signaling pathways, often associated with cell protection
and survival mechanisms, is a confirmation that hNSCs pos-
sess innate defense mechanisms. However, these endogenous
barriers do not appear sufficient to prevent donor loss during

Figure 6. Polymer drug release profiles. (A): Quantitative measure-
ment of UA and MnTBAP showed that both compounds had sustain-
able release from poly-lactic-co-glycolic acid (PLGA) films in cell
culture medium over a time course of 172 hours (error bars represent
95% confidence interval; there was no significant difference between
the two groups; p > .26, two-way repeated measures ANOVA); (B)
the presence of human NSCs (hNSCs; 0.5 million per 5 ml) in the
medium significantly increased the rate of release within 5 hours of
incubation (error bars represent SEM, n ¼ 3, *p ¼ .0134). However,
hNSC presence did not change the longer term release amount of the
embedded drugs; (C) the selective fluorescent indicator for ONOO�,
dihydrorhodamine 123 (DHR123), showed that MnTBAP released
from PLGA films significantly reduced SIN-1 (400 lM)-derived
ONOO� levels in the medium (error bars represent SEM, n ¼ 3, *p
< .0005, paired t test, details see supporting information Table).
Abbreviations: MnTBAP, manganese (III) tetrakis (4-benzoic acid)
porphyrin; UA, uric acid.
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the acute phase of SCI. In our studies, we used membrane-
permeable MnTBAP, a compound belonging to the family of
metalloporphyrins that scavenge O2

� through the dismutation
reaction and possess peroxidase activity (protecting cells from
H2O2), to remove ONOO� and inhibit lipid peroxidation [37,
59, 60]. MnTBAP was previously shown to counteract the
deleterious effects of RNS and ROS free radicals in multiple
neurological disease models [61–64]. Encouragingly, a recent
report indicates that relative to other cell types, NSCs have
active antioxidation mechanisms and seem to recover faster
from the initial oxidative stress insults via upregulation of the
antioxidant enzymes through, for instance, uncoupling protein
2 and glutathione peroxidase [57]. Our experiments using
high-dose glutamate (20 lM) treatment in vitro dismissed any
direct cytotoxic effect of glutamate on the cultured hNSCs
during the 3 hours incubation period (Fig. 2E, 2F), indicating
that the hNSCs routinely used in our studies are too prema-
ture to express glutamate receptors to mediate excitotoxicity
[29, 65]. Nevertheless, the reported link between glutamate-
mediated neurotoxicity and ROS/RNS radicals via NMDA re-
ceptor-mediated arachidonic acid release or NOS activation
warrants further investigation for its potential role in tissue
damage after SCI [66–69]. Additional study regarding the en-
dogenous defense mechanisms in NSCs at both physiological
and inflammatory states would help to devise strategies of
enhancing the innate survival mechanisms.

The present in vitro study outcomes suggest that unlike
the extensive cell signaling roles of S-nitrosylation by NO
that stabilize factors like HIF-1a to enhance posthypoxia/
injury repair [70–72], ONOO� likely activates the p38
MAPK-cytochrome c release-caspase activation signaling
pathways, triggering a key signal that induces hNSC death.
Although additional signaling pathways may be involved in
the in vitro and in vivo conditions downstream to ONOO� to
cause hNSC death, our conclusion is further supported by the
in vivo data, confirming the proapoptotic roles of ONOO�

and the cytoprotection provided by scavenging it. Therefore,
reagents against specific signaling molecules along the cell
death pathways induced by ONOO�, such as P38 MAPK and
caspases, in theory, can potentially be coimplanted for addi-
tional protection.

In summary, by pharmacologically targeting RNS radicals,
one of the most important groups of signaling molecules for
initiating secondary injury processes, via tactics of chemical
engineering and stem cell biology, our multimodal studies
have provided the first measurable approach to identify
molecularly the cause of poor hNSCs survival post implanta-
tion in vivo after SCI. Using the findings of this experiment
as a launching pad, we plan to verify the involvement of
proinflammation cytokines, glutamate, and other toxic ele-
ments further in the in vivo environment, so that effective de-
velopment of therapeutic strategies targeting major secondary
pathology following SCI can be facilitated.
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38 Szabó C, Day BJ, Salzman AL. Evaluation of the relative contribution
of nitric oxide and peroxynitrite to the suppression of mitochondrial
respiration in immunostimulated macrophages using a manganese
mesoporphyrin superoxide dismutase mimetic and peroxynitrite scav-
enger. FEBS Lett 1996;381:82–86.

39 Fischer I. Candidate cells for transplantation into the injured CNS.
Prog Brain Res 2000;128:253–257.

40 Lu KT, Wang YW, Yang JT et al. Effect of interleukin-1 on traumatic
brain injury-induced damage to hippocampal neurons. J Neurotrauma
2005;22:885–895.

41 Cai Z, Pang Y, Lin S et al. Differential roles of tumor necrosis factor-
a and interleukin-1 b in lipopolysaccharide-induced brain injury in the
neonatal rat. Brain Res 2003;975:37–47.

42 Shamash S, Reichert F, Rotshenker S. The cytokine network of
Wallerian degeneration: Tumor necrosis factor-a, interleukin-1a, and
interleukin-1b. J Neurosci 2002;22:3052–3060.

43 Hall ED, Springer JE. Neuroprotection and acute spinal cord injury: A
reappraisal. Neurorx 2004;1:80–100.

44 Li S, Stys PK. Mechanisms of ionotropic glutamate receptor-mediated
excitotoxicity in isolated spinal cord white matter. J Neurosci 2000;
20:1190–1198.

45 Liu NK, Zhang YP, Titsworth WL et al. A novel role of phospholi-
pase A2 in mediating spinal cord secondary injury. Ann Neurol 2006;
59:606–619.

46 Kawano T, Anrather J, Zhou P et al. Prostaglandin E2 EP1 receptors:
Downstream effectors of COX-2 neurotoxicity. Nat Med 2006;12:
225–229.

47 Kwon KJ, Jung YS, Lee SH et al. Arachidonic acid induces neuronal
death through lipoxygenase and cytochrome P450 rather than cycloox-
ygenase. J Neurosci Res 2005;81:73–84.

48 Manabe Y, Anrather J, Kawano T et al. Prostanoids, not reactive oxy-
gen species, mediate COX-2-dependent neurotoxicity. Ann Neurol
2004;55:668–675.

49 Easton AS, Fraser PA. Arachidonic acid increases cerebral microvas-
cular permeability by free radicals in single pial microvessels of the
anaesthetized rat. J Physiol 1998;507:541–547.

Yu, Neeley, Pritchard et al. 1221

www.StemCells.com



50 Kulbatski I, Mothe AJ, Nomura H et al. Endogenous and exogenous
CNS derived stem/progenitor cell approaches for neurotrauma. Curr
Drug Targets 2005;6:111–126.

51 Iarikov DE, Kim BG, Dai HN et al. Delayed transplantation with ex-
ogenous neurotrophin administration enhances plasticity of corticofu-
gal projections after spinal cord injury. J Neurotrauma 2007;24:
690–702.

52 Yu D, Wilhelmsson U, Pekny M et al. A polymer scaffold mediated
neural stem cell treatment for lower thoracic spinal cord injury in
GFAP�/� Vimentin�/� mice. Soc Neurosci Abstract 2008;online.

53 Beattie MS. Inflammation and apoptosis: Linked therapeutic targets in
spinal cord injury. Trends Mol Med 2004;10:580–583.

54 Conti A, Miscusi M, Cardali S et al. Nitric oxide in the injured spinal
cord: Synthases cross-talk, oxidative stress and inflammation. Brain
Res Rev 2007;54:205–218.

55 Dalkara T, Yoshida T, Irikura K et al. Dual role of nitric oxide in
focal cerebral ischemia. Neuropharmacology 1994;33:1447–1452.

56 Iadecola C. Bright and dark sides of nitric oxide in ischemic brain
injury. Trends Neurosci 1997;20:132–139.

57 Madhavan L, Ourednik V, Ourednik J. Neural stem/progenitor cells
initiate the formation of cellular networks that provide neuroprotection
by growth factor-modulated antioxidant expression. Stem Cells 2008;
26:254–265.

58 Peterson DA, Lucidi-Phillipi CA, Murphy DP et al. Fibroblast growth
factor-2 protects entorhinal layer II glutamatergic neurons from axot-
omy-induced death. J Neurosci 1996;16:886–898.

59 Patel M, Day BJ. Metalloporphyrin class of therapeutic catalytic anti-
oxidants. Trends Pharmacol Sci 1999;20:359–364.

60 Hunt JA, Lee J, Groves JT. Amphiphilic peroxynitrite decomposition
catalysts in liposomal assemblies. Chem Biol 1997;4:845–858.

61 Bao F, DeWitt DS, Prough DS et al. Peroxynitrite generated in the rat
spinal cord induces oxidation and nitration of proteins: Reduction by
Mn (III) tetrakis (4-benzoic acid) porphyrin. J Neurosci Res 2003;71:
220–227.

62 Bao F, Liu D. Peroxynitrite generated in the rat spinal cord induces
neuron death and neurological deficits. Neuroscience 2002;115:
839–849.

63 Liu D, Bao F, Prough DS et al. Peroxynitrite generated at the level
produced by spinal cord injury induces peroxidation of membrane
phospholipids in normal rat cord: Reduction by a metalloporphyrin. J
Neurotrauma 2005;22:1123–1133.

64 Hachmeister JE, Valluru L, Bao F et al. Mn (III) tetrakis (4-benzoic
acid) porphyrin administered into the intrathecal space reduces oxida-
tive damage and neuron death after spinal cord injury: A comparison
with methylprednisolone. J Neurotrauma 2006;23:1766–1778.

65 Bjugstad KB, Teng YD, Redmond DE Jr et al. Human neural stem
cells migrate along the nigrostriatal pathway in a primate model of
Parkinson’s disease. Exp Neurol 2008;211:362–369.

66 Coyle JT, Puttfarcken P. Oxidative stress, glutamate, and neurodege-
nerative disorders. Science 1993;262:689–695.

67 Dumuis A, Sebben M, Haynes L et al. NMDA receptors activate the
arachidonic acid cascade system in striatal neurons. Nature 1998;336:
68–70.

68 Lazarewicz JW, Wroblewski JT, Palmer ME et al. Activation of N-
methyl-D-aspartate-sensitive glutamate receptors stimulates arachidonic
acid release in primary cultures of cerebellar granule cells. Neurophar-
macology 1988;27:765–769.

69 Dawson TM, Dawson VL, Snyder SH. A novel neuronal messenger
molecule in brain: The free radical, nitric oxide. Ann Neurol 1992;32:
297–311.

70 Palmer LA, Gaston B, Johns RA. Normoxic stabilization of hypoxia-
inducible factor-1 expression and activity: Redox-dependent effect of
nitrogen oxides. Mol Pharmacol 2000;58:1197–1203.

71 Hess DT, Matsumoto A, Kim SO et al. Protein S-nitrosylation: Pur-
view and parameters. Nat Rev Mol Cell Biol 2005;6:150–166.

72 Feelisch M, Rassaf T, Mnaimneh S et al. Concomitant S-, N-, And
heme-nitros(Yl)Ation in biological tissues and fluids: Implications for
the fate of NO in vivo. FASEB J 2002;16:1775–1785.

See www.StemCells.com for supporting information available online.

1222 Peroxynitrite-Induced Neural Stem Cell Death


