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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. Since 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 neurons. To test this
hypothesis, human NSCs (hNSCs: 5x10*-2x10%ml)
were treated in vitro with “plain” medium, 20 pM
glutamate, or donors of NO and peroxynitrite (ONOO';
100 and 400 pM of spermine or DETA NONOQate, and
SIN-1, respectively). hNSC apoptosis primarily
resulted from SIN-1 treatment, showing ONOO™-
triggered protein nitration and the activation of p38
MAPK, cytochrome c release, and caspases. Therefore,
cell death following post-SCI (p.i.) NO serge may be

mediated through conversion of NO into ONOQO". 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™-induced cell
death  signaling, we demonstrated that co-
transplantation of PLGA film embedded with ONOO"
scavenger, manganese (III) tetrakis (4-benzoic acid)
porphyrin (MnTBAP) or uric acid (1 pmol/film),
markedly protected hNSCs 24 h p.i. (total: n = 10). Our
findings may provide a bioengineering approach for
investigating mechanisms underlying the host
microenvironment and donor NSC interaction and
help formulate strategies for enhancing graft and host
cell survival after SCI.
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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 aftermath of donor cell
loss [1, 2]. While 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
nitric oxide synthase (iNOS) expression after
injury and the death of NSC grafts [6-8] (i.e.,
within the first 12-72 h 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 Ca*" influx, or anoxia induced sodium
influx [9-11]. Massive activation of iNOS
increases tumor suppressor protein p53,
cytochrome ¢ release, chromatin condensation,
and DNA fragmentation [12, 13], causing
apoptosis of the target cells [14]. Bursts of NO
and superoxide (O;") are produced by activated
inflammatory cells, and these radicals combine
in a diffusion-limited reaction to form the highly
reactive peroxynitrite (ONOQO’). ONOO™ quickly
combines with CO, to form
nitrosoperoxycarbonate, which rapidly
decomposes to form carbonate radical and
nitrogen dioxide, two potently reactive radicals
that are believed to be responsible for the

deleterious cellular effects of ONOO™ [15].
Recent in vitro studies using a donor of NO or
ONOO'" demonstrated that these molecules could
induce apoptosis in murine NSCs or primary
neurons through p38 MAP kinase (MAPK)
signaling, and p21-MAPK-p19 induced p53
accumulation [16, 17].  Correspondingly,
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 1is an
upstream signaling molecule that can turn on
protective or destructive 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 mediators such as RNS and
ROS radicals may be largely responsible for the
death of donor human NSCs (hNSCs) implanted
acutely following SCI. Since NSCs produce
neurotrophic  factors, induce host tissue
regeneration, facilitate rebuilding of the synaptic
network, 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 towards 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) unless specified otherwise. (Z)-1-
{N-[3-Aminopropyl]-N-[4-(3-
aminopropylammonio)butyl]-amino}-diazen-1-
tum-1,2-diolate (Spermine NONOate) and (Z)-1-
[2-(2-Aminoethyl)-N-(2-ammonioethyl)
amino|diazen-1-ium-1,2-diolate (DETA
NONOate), were used as NO donors in the
medium. For detailed information regarding
items listed Dbelow, see Supplementary
Information.

Culture and pharmacological treatments of
hNSCs Human fetal brain neural progenitor cells
[29] (polyclonal cell line HFB2050) were
maintained in serum free Neurobasal™ medium
(Invitrogen, Grand Island, NY) containing a
combination of growth factors at 37°C in a
humidified 5% CO,/air incubator.

Cell death assays Apoptosis assays were run
with reagent kits (Roche Applied Sciences,
Indianapolis, IN). Caspase assays were run with
the ApoAlert™ Caspase Fluorescent Assay Kits
(BD  Biosciences, San  Diego, CA).
Immunoblotting and immunocytochemistry
(ICC) for cytochrome ¢ and upstream signals
were performed as previously described [12, 13,
30].

Fabrication of scavenger-releasing PLGA films
and drug release capacity assessment To assess
the effects of ONOQO™ qualitatively in vivo, we
prepared  PLGA-scavenger depots  using
appropriate organic solvents [31]. In a 1:10
weight ratio design, uric acid (UA: 3.4 mg; ~20
umol) was suspended in a solution of PLGA (34
mg) dissolved in 800 ul CH,Cl,, and manganese
(IIT)  tetrakis (4-benzoic acid) porphyrin
(MnTBAP: 10 mg; ~11 pumol) dissolved in 454
ul tetrahydrofuran containing 100 mg PLGA.
Subsequently, a drop of the mixture (20 ul) was
disposed onto a coverglass and allowed to form a
uniformly thin film. This results in each
coverglass carrying 0.5 umol scavenger per film
after the organic solvent evaporation.

Additionally, a 1:3 weight ratio between
MnTBAP and PLGA was used to produce 1
pumol scavenger films.

We measured the drug release time-course by
UV spectroscopy. Briefly, scavenger-embedded
PLGA films were incubated in medium with
either 0, 0.5, or 1.0 million cells per unit.
Samples were taken from each unit at 5, 24, 48,
72, and 168 h, immediately frozen, and stored at
—20 °C. To determine the total amount of
MnTBAP released, 100 pl of each sample were
mixed with 100 pl of 600 mM potassium
phosphate buffer at pH 7.0. For UA, 20 pl of
each sample were mixed with 100 pl of the
potassium phosphate buffer and 80 pl of
deionized water. The absorbance of MnTBAP at
A =468 nm and of UA at A = 293 nm were read
using the extinction coefficients of 93000 M
cm” for MnTBAP [32] and 12000 M c¢m™ 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 co-
incubated with PLGA films embedded with
MnTBAP. Each cell medium was sampled in 30
min intervals with a 200 pl unit volume, and the
level of ONOO™ was measured at Aex = 500 nm
and Aem = 536 nm after DHR123 was dissolved
(final dilution: 10 uM).

Assessment of the neuroprotective effects of

drugs embedded in PLGA polymers in vivo

Adult female Sprague-Dawley rats (225 - 250 g;
total: n = 10; Charles River Labs, Wilmington,
MA) were used for the creation of two
penetrating injuries per rat at T7-T8 and L2-L3,
respectively (Fig. 1). All animal protocols were
in accordance with the Harvard Medical School
IACUC guidelines. 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). For the
non-retrieval study evaluating the implant effect
on host tissue (total: n = 6), a circular PLGA
polymer film (¢ = 4 mm; thickness: ~500 pm)
embedded with MnTBAP or UA (n = 3 for each)
was inserted into either T7-T8 or L2-L3
epicenter to cover the ventral bottom first, and
wrap up the lateral side of the implanted porous
PLGA scaffold (300 - 400 um pore size;
dimensions: 2 x 3 x 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
different animals, our dual penetrating SCI
model eliminates common variables incurring in
cross-animal studies, and renders other elements
potentially affecting donor cell survival (e.g.,
blood circulation, edema, etc.) as systematical
factors for either SCI site (see Results for
comparable outcomes). Twenty four h p.i., the
re-anesthetized rats were perfused for
histopathological analysis, as previously reported
[24].

Systematical and unbiased cell counting In a
separate experiment series (n = 4), scaffolds
seeded with hNSCs were wrapped in a nylon-net
shell with 30 um pore size (Millipore, Billerica,
MA) prior to implantation, and PLGA films
embedded with MnTBAP (drug protection) 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 re-anesthetized 24 h p.i., and the
scaffolds wrapped in nylon net removed prior to
perfusion of the animals. The removed scaffolds

were  immediately immersed in 4%
paraformaldehyde (PFA) in 0.IM 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 pum serial sections for ICC
analysis. Our cell quantification methods were
adapted from previous studies [34]. Briefly, the
retrieved scaffolds with comparable dimensions
(2+0.1 x 2.5+0.3 x 1.8+0.2, unit: mm; n =4 [dual
injuries] for scaffolds with MnTBAP protection,
or without drug protection, respectively) were
embedded in pairs with the same orientation.
Serial 20 pm sections were cryostatted, and 8
sections 200 pm apart from each other
sequentially sampled from each series. Pre-
implantation hNSC-seeded scaffolds (n = 6)
were used as intact controls. Sections were then
double-labeled for ICC identification of hNSCs
(hNestin [1:200; Millipore, Billerica MA]
coupled with DAPI nuclei staining [Vector Labs,
Burlingame, CA]), and hNSCs underwent
apoptosis (using antibodies against cleaved
caspase 3 [1:100; Cell Signaling, Danvers,
MAY]). The use of 50 um grids for quantifying
cells in a single section together with sampling
the adjacent sections 200 um 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’, 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 wusing specific donors of either
molecules: spermine NONOate for NO, and
SIN-1 for ONOQO’, which have similar half-lives
in solution, (39 min and 26 min at 37°C,
respectively). The oxygen consumption due to
the breakdown of SIN-1 was monitored, and a
10-15% O, level drop was observed using a
dissolved oxygen (DO) meter (Jenco) 90 min
after the donors were added to the solution
(Supplementary Figure 1). To avoid the potential
pro-apoptotic 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 min during the 3 h of incubation.

Outcomes of annexin V-FLUOS assay In Fig.
2a-e, all the tri-channel images of the hNSCs
attached to coverglass 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 after the 3 h drug
stimulation. Green fluorescence with a clear
cellular  outline profile, conversely, is
specifically indicative 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 resulting, perhaps, from
insufficient washing (Fig. 2a). In contrast,
stimulation with 400 pM SIN-1 led to strong
green fluoresence on the outer surface of hNSCs,
showing a clear cell body profile (Fig. 2b). Co-
incubation with scavenger for ONOO", MnTBAP
(100 uM) or UA (100 uM), eliminated the effect
(Fig. 2c, d). To detect the possible roles of
excitotoxicity in causing the acute death of
hNSC post implantation, we used glutamate
stimulation (20 uM for 3 h; normal CSF
glutamate level is ~0.3 puM [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). Lastly, 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 h 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 suspension (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. 3¢) and in agreement with
annexin V-FLUOS assay results. The addition of
the ONOO™ scavengers MnTBAP (100 uM) or
UA (100 uM) 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 nitrotyrosine, 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 elevated levels of ONOO" nitration (Fig 4),
which was completely absent in controls and
efficiently prevented by co-incubation with
ONOQO'" 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.

Identification of the signaling pathways
involved in the effects of NO or ONOO™ on
hNSCs

The outcome measurements listed below
demonstrate the molecular pathways underlying
the effects of NO or ONOO™ on hNSCs. ONOO
has been linked with several cell death signaling
pathways in genetically engineered murine cells
manifesting 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 pro-
apoptotic effects of ONOO™ and the eventual
activation of caspases. Though we speculated
that multiple signaling pathways likely co-exist
in the in vivo settings, we believed that clear



targets along each specific signaling pathway
should be identified, so that anti-apoptosis
strategies might be developed to enhance the
post-implantation 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 uM) alone (Fig. 5a, b),
but not with spermine NONOate (400 uM).
Treatment with MnTBAP (200 uM) or UA (200
uM) attenuated the SIN-1 effect. The
phosphorylation of p38 MAPK could be
localized to mitochondria, as shown in the
double-labeling ICC using antibodies against
both phospho-p38 MAPK (arrows, Fig. Sc, red)
and human mitochondria (hMito; Fig. S5c, green
dots). The phosphorylation of p38 MAPK could
be correlated to the translocation of cytochrome
¢ from the mitochondria to the cytosol in hNSCs
stimulated with SIN-1 (400 pM), which was
shown in Western Blots using separated protein
samples from either the mitochondria or cytosol
fractions of the cell homogenate (Fig. 5d). COX4
and beta-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 h of
stimulation, SIN-1 exposure dose dependently
(100, 400 uM) induced the mitochondrial release
of cytochrome c¢ to the cytosol, mimicking the
effect of the positive control, staurosporine
stimulation (0.2 pg/ml). DETA NONOate (100,
400 uM), 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 h, but not in
controls. Co-incubation with MnTBAP (100 uM)
or UA (100 puM) 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 co-incubated with MnTBAP or UA (Fig.
51, g). 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
quantitatively based on the color shift. Fig. 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 downstream 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 findings 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 pro-apoptotic effects of ONOO™ on the
hNSCs in vitro (data not shown).

Drug-releasing PLGA films and their
capability to scavenge ONOO"

We then proceeded to embed MnTBAP or UA in
PLGA films, so that we could ultimately implant
hNSC-seeded scaffolds together with drug-
releasing PLGA films to test the ability of these
drugs to inhibit the effects of ONOO™ on hNSCs
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 tissue at the
injury epicenter p.i. A schematic demonstration
of how the in vivo experiments were conducted
is presented in Fig. 1. In our design, the
implementation of the porous nylon net was



intended to ensure a clean removal of the
scaffolds 24 h post implantation, 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 adjacent 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 reasonable 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 since 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-I1
(400 uM), with or without the MnTBAP-
releasing films [37]. The results indicate that
PLGA films embedded with MnTBAP (1

pumol/film) adequately scavenged ONOO™ (Fig.
6¢). 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 was verified by eliminating
implantation site ONOO™ with co-implanted
scavenger-releasing PLGA films. Based on the
in vitro scavenger-releasing dynamics (Fig. 6),
we co-implanted hNSC-seeded scaffold with
PLGA films embedded with MnTBAP or UA (1
pmol/film) in one hemisection site, and with
"plain" films in the other (Fig. 1). At 24 h p.i.,
analysis of the retrieved scaffolds showed
phosphorylation of p38 MAPK in hNSCs that
were co-transplanted with control polymer films
(Fig. 7a-, arrows), whereas with the protection
from PLGA films embedded with an ONOO"
scavenger, most hNSCs at the injury epicenter
did not have elevated p38 phosphorylation (Fig.
7at). Accordingly, the levels of nitrotyrosine in
the hNSCs were high and present in almost
every hNSCs that were co-transplanted with
plain polymer film (Fig. 7b-, arrows); however,
PLGA films embedded with an ONOO
scavenger prevented nitrotyrosine accumulation
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 activation (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. 7c+).
ICC-based morphological analysis of the
epicenter tissue of the injured spinal cord also
showed that scaffolds seeded with hNSCs under
the scavenger protection were more effective in
preventing secondary cellular damage 24 h 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 h p.i. (Fig. 7d-),
relative to those with protection from scavengers
embedded in PLGA films (Fig. 7d+). These facts
suggested that MnTBAP released from local
polymers scavenged ONOQO™; CSF circulation,
which is compromised following penetrating
SCI, did not carry any effective drug doses to the
control site. Outcomes of the cell counting study
further confirmed conclusions drawn from ICC
analyses (Fig. 7). Using an unbiased cell
quantification method [see Methods], we
calculated the percentage 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 h

pi. (n = 4 for scaffolds with MnTBAP
protection, or without drug protection,
respectively). Pre-implantation hNSC-seeded

scaffolds (n = 6) were used as intact controls.
We found that relative to the control implants,
MnTBAP-releasing film significantly reduced
the average percentage of hNSCs carrying
activated caspase 3, with mitigation rates ranging
from ~40 to ~70% at different loci
systematically sampled along the entire length of
the implant (p < 0.005 - 0.0004, paired #-test;
supplementary Fig. 2c¢). Interestingly, scaffolds
with MnTBAP also yielded significantly higher
total hNSC numbers after retrieval, compared
with the controls (supplementary 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 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 pro-
regenerative extracellular microenvironment that
promotes donor cell survival and proper
differentiation, the re-growth 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 reside in an important
aspect of the p.. pathology: the swift
development of toxicity and inflammation at the
injury epicenter that can jeopardize the initial
survival and repair potential of the donor cells
[38]. Post-injury 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
heightened release  of  pro-inflammatory
cytokines (e.g., TNF-a and IL-1B) [39-41];
oxidative stress, ischemia, and free radicals
produced by leukocytes, macrophages and
microglia; glutamate metabolism impairment
due to cytokines and free radicals leading to
excitatory cytotoxicity [42, 43]; breakdown of
the blood-brain barrier and neural tissues by
phospholipase A2, arachidonic acid, eicosanoids,
extracellular matrix-degrading enzymes such as
metalloproteinase  [1, 44-48]; pathological
autoimmune response mediated by activated
lymphocytes; all leading to protein nitration,
breaking down of lipids and nucleic acids,
demyelination and apoptosis as well as
neuroinflammation. 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 [49]. In fact, observations made by
others and our own group indicate that only a
very small amount of the donor 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
[50]. Hence, there is an evident need to develop
in vivo strategies to overcome the early stage
donor cell loss following SCI. Though there are



multiple cell death pathways activated by SCI,
by limiting the study window to 24 h 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 survival. Donor
cell survival beyond 24 h is certainly a critical
goal for therapeutic development. Though 24-h
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 [51], which will be published
separately in the future.

The development of oxidative stress following
SCI involves ROS and RNS toxicology [52, 53].
In contrast to other common secondary
inflammatory or neurotoxic signals, NO benefits
stem cell development at basal physiological
levels but becomes detrimental when its
concentration spikes, such as during the
inflammatory response [5, 54, 55]. Our results
showed that the surge in ONOO" is an integral
and essential component of the secondary injury
event that compromises donor hNSC survival
and exacerbates tissue damages 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  peroxidation),
glutathione (an intracellular tripeptide, scavenges
ROS radicals), lipoic acid, uric acid, and
enzymes such as superoxide dismutase (SOD),
catalase, and glutathione peroxidase (degrading
O, and hydroxyl radical [-OH]). Neurotrophic
factors autocrined or supplied to NSCs also
facilitate their survival against oxidative insults
[56, 57]. The activation of Erk signaling
pathways, often associated with cell protection
and survival mechanisms, is a confirmation that
hNSCs possess innate defense mechanisms.
However, these endogenous barriers do not

appear sufficient to prevent donor loss during the
acute phase of SCI. In our studies, we used
membrane-permeable MnTBAP, a compound
belonging to the family of metalloporphyrins
that scavenge O, through the dismutation
reaction and possess peroxidase activity
(protecting cells from H,0,), to remove ONOO"
and inhibit lipid peroxidation [37, 58, 59].
MnTBAP was previously shown to counteract
the deleterious effects of RNS and ROS free
radicals in multiple neurological disease models
[60-63]. Encouragingly, a recent report indicates
that relative to other cell types, NSCs have active
anti-oxidation mechanisms and seem to recover
faster from the initial oxidative stress insults via
up-regulation of the antioxidant enzymes
through, for instance, uncoupling protein 2 and
glutathione peroxidase [56]. Our experiments
using high dose glutamate (20 pM) treatment in
vitro dismissed any direct cytotoxic effect of
glutamate on the cultured hNSCs during the 3 h
incubation period (Fig. 2e, f), indicating that the
hNSCs routinely used in our studies are too
premature to express glutamate receptors to
mediate excitotoxicity [29, 64]. Nevertheless, the
reported link between glutamate-mediated
neurotoxicity and ROS/RNS radicals via NMDA
receptor-mediated arachidonic acid release or
NOS activation warrants further investigation for
its potential role in tissue damage after SCI [65-
68]. Additional study regarding the endogenous
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 post-hypoxia/injury repair
[69-71], ONOO" likely activates the p38 MAPK-
cytochrome ¢  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 pro-apoptotic roles of ONOO™ and the cyto-
protection provided by scavenging it. Therefore,
reagents against specific signaling molecules
along the cell death pathways induced by
ONOQO/, such as P38 MAPK and caspases, in
theory, can potentially be co-implanted for
additional 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 multi-
modal studies have provided the first measurable
approach to identify molecularly the cause of
poor hNSCs survival post implantation in vivo
after SCI. Using the findings of this experiment
as a launching pad, we plan to verify the
involvement of pro-inflammation cytokines,
glutamate, and other toxic elements further in the
in vivo environment, so that effective
development of therapeutic strategies targeting
major secondary pathology following SCI can be
facilitated.
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Figure 1. Schematic of the in vivo study model. a, human neural stem cells (hNSCs) were seeded onto
poly-lactic-co-glycolic (PLGA) scaffolds, and a porous nylon net was trimmed to deliver hANSC-coated
scaffold in retrieval studies, but not in non-retrieval studies; b, PLGA films were embedded with a
scavenger compound for ONOO™ (+), and control "plain" PLGA films were not embedded with drugs
(-); ¢, dual penetrating spinal cord injury (SCI) model was created in rat spinal cord at T7-T8 and L2-
L3 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 non-retrieval studies (not shown); e, the extra length of the nylon net was folded for
wound closure, 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 pre-determined time points for
immunocytochemistry (ICC) analysis. Non-retrieval experiments were used for spinal cord tissue ICC
analysis.

13



d  nscs : N
seeding + = B
4 weeks = =
PLGA scaffold porous nylon net

> — @ —

PLGA film embedded with ONOO" scavenger .

> — @& -9

Plain PLGA film without embedded drug

= Plain PLGA film

+ PLGA film embedded with ONOO' scavenger

Co-implantation of PLGA film and retrievable scaffold seeded with hNSCs

Nylon net shielding the scaffold can be folded for wound closure

f 5

Retrieved scaffold is recovered by removal of the nylon net shield

14




Figure 2. Annexin V-FLUOS assay. hNSCs were prepared as attached colonies on coverglass prior to
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 pM 3-morpholinosydnonimine
linsidomine chloride (SIN-1) for 3 h induced strong membrane staining profile for annexin V (green),
but no propidium iodide staining (red) inside the cells; co-stimulation using SIN-1 (400 uM) with
either, ¢, 100 uM (III) tetrakis (4-benzoic acid) porphyrin chloride (MnTBAP) or, d, 100 uM uric acid
(UA) blocked the cell death effect of SIN-1; and e, stimulation with 20 uM glutamate induced neither
positive propidium iodide staining, nor positive annexin V staining. For data presented in f, hNSCs
prepared as suspension prior to drug stimulation demonstrated similar results to the attached cells, in
that SIN-1 (200 and 400 pM) 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-(3-aminopropylammonio)butyl]-
amino}-diazen-1-ium-1,2-diolate (spermine NONOate, 200 uM; error bars represent standard error, n
=3, *p < 0.05, paired ¢-test, details see Supplementary Table). Importantly, 200 uM MnTBAP or UA
treatment markedly mitigated such cell death triggered by exposure to SIN-1. Scale bar = 500 um.
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Figure 3. TUNEL assay. Human NSCs were prepared as attached colonies on coverglass prior to drug
stimulation: a, under the control condition, no cells displayed positive nuclear stain profile of TUNEL
labeling (green); b, stimulation using 400 uM SIN-1 for 3 h induced strong nuclear staining profile
(green), overlapping with DAPI stain (blue); co-stimulation using SIN-1 (400 uM) with either 100 uM
MnTBAP (¢) or 100 uM UA (d) blocked the SIN-1 effect. Additionally, hNSCs prepared as
suspension prior to drug stimulation demonstrated similar results to the attached cells (e), in that SIN-1
(200 and 400 uM) induced positive TUNEL staining pattern in significantly higher percentages of cells
than "plain" medium control or treatment with spermine NONOate (200 uM; error bars represent
SEM, n = 3, *p < 0.05, paired #-test, details see Supplementary Table). Both MnTBAP and UA (200
uM) diminished the cell death effect of SIN-1. Scale bar = 500 pum.
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Figure 4. Nitrotyrosine immunocytochemistry (ICC). All hNSCs were ICC positive for the human
marker, heat-shock protein 27 (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 uM)
induced high levels of detectable protein nitration, showing positive nitrotyrosine staining (red) in
nearly every cell. Co-administration of either 100 uM MnTBAP (c¢) or 100 uM UA (d) eliminated this
effect. Scale bar = 500 pum.
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Figure 5. The cell death signaling pathways that were activated by SIN-1 exposure. a, Western Blot
assay indicated that SIN-1 (400 uM) treatment strongly stimulated Erk phosphorylation in hNSCs,
relative to the control (no drug) or spermine NONOate (400 uM) exposure. Either MnTBAP or UA
(200 uM) mitigated this effect of SIN-1; b, a similar stimulating effect was observed in p38
phosphorylation; ¢, ICC co-localizations (arrows) of phospho-p38 (red) and human mitochondria
(hMito; green; scale bar = 50 um) were present in SIN-1 (400 puM) stimulated cells only; d,
cytochrome ¢ (Cy c¢) release from mitochondria to the cytosol is a trigger for the activation of
downstream caspases. SIN-1 (100 and 400 uM) dose dependently stimulated this process, while the
NO donor (DETA NONOate, or DETA: 100 or 400 uM) had very little effect. Staurosporine (0.2
ug/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 ¢ (green; scale bar = 50 um) to the cytosol was only seen in SIN-1 (400 uM)
stimulated cells; f, Western Blot for caspase 3 showed that only SIN-1 (100 and 400 uM) stimulated
caspase 3 activation; g, the cleaved (activated) form of caspase 3 (green; scale bar = 500 um) was only
observed in hNSCs (red; human nestin or hNestin) exposed to SIN-1 (400 uM); h, Caspase assays: the
whole cell lysate of hNSCs treated with different drugs was used. Both caspase 3 and caspase 9
showed significant activation following SIN-1 (200 and 400 uM) stimulation relative to the control
(i.e., plain medium) or exposure to spermine NONOate (200 uM, NO donor; error bars represent SEM,
n =3, *p <0.05, paired t-test, details see Supplementary Table). Co-administration of MnTBAP (200
uM) significantly reduced activation of both caspases, and there was no significant detections/changes
in caspase 8 in the SIN-1 (400 uM) treated samples (data not shown) due to its known absence in
NSCs [72].
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Figure 6. Polymer drug release profiles. a, quantitative measurement of UA and MnTBAP showed
that both compounds had sustainable release from PLGA films in cell culture medium over a time
course of 172 h (error bars represent 95% confidence interval; there was no significant difference
between the two groups; p > 0.26, two-way repeated measures ANOVA); b, the presence of hNSCs
(0.5 million/5 ml) in the medium significantly increased the rate of release within 5 h of incubation
(error bars represent SEM, n = 3, *p = 0.0134). 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 uM)-derived ONOO" levels in the medium (error bars represent SEM, n = 3, *p <
0.0005, paired t-test, details see Supplementary Table).
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Figure 7. Drug-releasing polymer films protected hNSCs in vivo. The sign (-) indicates co-
transplantation of hNSC-seeded scaffolds with drug-free "plain" PLGA films, and (+), with films
containing MnTBAP, an ONOO" scavenger, into the injury epicenter of the spinal cord. Examination
of hNSCs recovered at 24 h post SCI demonstrated the following findings. a, ICC co-localizing of
phospho-p38 (green) and the donor cell marker hNestin (red), revealed that shielding with MnTBAP-
releasing PLGA film markedly impeded activation of cell death signaling in donor hNSCs (+, bottom
row, arrows), compared to the controls (-, top row); b, co-staining of nitrotyrosine (red) and the donor
cell marker hHsp (green) showed high levels of ONOO™ impact on most hNSCs when not treated with
MnTBAP (-, top row, arrows), and co-implantation of MnTBAP-releasing PLGA films mitigated
ONOO' exposure to hNSCs (+, bottom row); ¢, ICC co-localization of active/cleaved caspase 3 (green)
and the donor cell marker hHsp (red) showed high frequency of hNSC apoptosis under no MnTBAP
treatment (-, top row, arrows). In contrast, MnTBAP released from PLGA films impeded caspase 3
activation in hNSCs (+, bottom row); d, relative to the controls (-), implantation of MnTBAP-releasing
PLGA films effectively inhibited caspase 3 activation and ONOO" reactivity (nitrotyrosine) in the host
tissue adjacent to the injury epicenter. Scale bars: a, b =200 pm; ¢ = 250 pm; d = 500 um. Dotted line-
delineated area: autofluorescent polymer scaffolds.
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