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Abstract Stromal cell-derived factor-1 alpha (SDF-1a) or
CXCLI12 is an important cytokine with multiple functions in
the brain during development and in adulthood. The inflam-
matory response initiated by spinal cord injury (SCI) involves
the processing of interleukin-1beta (IL-18) and IL-18 mediat-
ed by caspase-1 which is under the control of an intracellular
multiprotein complex termed inflammasome. Using an SCI
rat model, we found improved functional long-term recovery
which is paralleled by a reduction of apoptosis after intrathecal
treatment with SDF-1a. An intriguing aspect is that SDF-1a
changed the number of neuroinflammatory cells in the dam-
aged area. We further examined the cellular localization and
sequential expression of several inflammasomes during SCI at
6 h, 24 h, 3 days, and 7 days as well as the role of SDF-1a as a
regulatory factor for inflammasomes. Using 14-week old male
Wistar rats, spinal cord contusion was applied at the thoracic
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segment 9, and animals were subsequently treated with
SDF-1a via intrathecal application through an osmotic
pump. SCI temporally increased the expression of the
inflammasomes NLRP3, ASC, the inflammatory marker
tumor necrosis factor-a (TNF-a), interleukin-18 (IL-1p3)
and IL-18. SDF-la significantly reduced the levels of
IL-18, IL-1b, TNF-a, NLRP3, ASC, and caspase-1. Immu-
nofluorescence double-labeling demonstrated that microglia
and neurons are major sources of the ASC and NLRP3
respectivley. Our data provide clear evidence that SCI
stimulates a complex scenario of inflammasome activation
at the injured site and that SDF-la-mediated neuroprotec-
tion presumably depends on the attenuation of the
inflammasome complex.

Keywords Spinal cord injury - SDF-1a (CXCL12) -
Inflammasome - Astroglia - Microglia

Introduction

Spinal cord injury (SCI) is a fatal neuro-destructing event
resulting from a complete or incomplete insult which initiates
a progressive state of degeneration including structural, bio-
chemical, and physiological post injury tissue changes and
reorganization [1]. The pathophysiology of SCI is character-
ized by two major mechanisms, a primary mechanical injury
and a secondary process orchestrated by diverse pathophysi-
ological mechanisms, including inflammation, excitotoxicity,
apoptosis, and demyelination [2]. Neuroinflammatory re-
sponses involve the activation of the pro-inflammatory inter-
leukin (IL) family such as IL-1b and IL-18 that contribute to
cell death. Both ILs are closely related, possess a similar three-
dimensional structure, and are synthesized as inactive cyto-
plasmic precursor forms [3]. Processing and activation of

@ Springer



3064

Mol Neurobiol (2016) 53:3063-3075

pro-IL-1b and IL-18 require the activation of a multiprotein
caspase-1-activating complex termed inflammasome [3]
which is a key signaling platform that detects pathogenic
stressors. The activation of inflammasome components in in-
nate brain immune cells typically reflects one of the primary
and critical steps of neuroinflammation sequentially triggered
by harmful stimuli and traumatic challenges through
pathogen-associated molecular pattern (PAMP) and damage-
associated molecular pattern (DAMP) molecules. The NACH
T, LRR, and PYD domains-containing protein (NLRP)
inflammasomes NLRP1 and NLRP3 consist of three main
components: a nucleotide oligomerization domain-like recep-
tor (NLR), caspase-1 and an adaptor called apoptosis-
associated speck-like protein (ASC) containing a caspase re-
cruitment domain [3]. The NLR family contains a leucine rich
repeat domain (LRR), a central NACHT domain, and a vari-
able amino-terminal domain which in the NLRP subfamily is
an N-terminal pyrin domain (PYD) [4]. The activation of
NLRPs leads to the recruitment of ASC which contains a
caspase activation and recruitment domain (CARD). ASC
then interacts with the CARD of pro-caspase-1. The interac-
tion with pro-caspase-1 leads to its conversion to active
caspase-1 which then converts pro forms of IL-13 and IL-18
into their active forms, thereby initiating an inflammatory re-
sponse [5]. Only a few studies showed inflammasome com-
ponents to be differentially regulated after SCI. De Rivero and
coworkers have demonstrated that NLRP1 is activated after
SCI and that the neutralization of ASC after SCI reduces
caspase-1 activation and decreases processing of IL-13 and
IL-18 [6]. In consequence, the administration of anti-ASC
neutralizing antibodies to injured rats resulted in signifi-
cant tissue sparing and functional improvement [6]. Most
recently, it has been found that the expression levels of
NALP, ASC, and caspase-1 are increased after SCI in
rats and that hyperbaric oxygen treatment mitigated this
effect [7].

Stromal derived factor-la (SDF-1a) is a potent chemo-
attractant cytokine with various biological functions such as
stem cell mobilization, proliferation, inflammatory cell infil-
tration, and angiogenesis in the central nervous system (CNS)
[8]. SDF-1a is up-regulated under pathological conditions
such as ischemic stroke, promotes the migration of neural
progenitor cells, and participates in the regulation of the
neurovascular unit [9]. The administration of SDF-1a amelio-
rates cell death of cortical neurons induced after stroke most
likely by stimulating angiogenesis and neurogenesis and
through the modulation of inflammatory responses [10]. We
and other groups have recently demonstrated that the protec-
tive actions of SDF-1a finally rescuing neurons from apopto-
sis and improving behavioral functions [10, 11]. In SCI
models, infusion of SDF-1a into the lesion site also promotes
neurite growth and axonal sprouting [12, 13] which might
represent an additional mode of SDF-1a action.
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In a previous study, we were able to demonstrate that SDF-
la exerts neuroprotective effects after SCI [14]. SDF-1a sig-
nificantly alleviated neuronal damage and stimulated func-
tional recovery in a dose-dependent way. Furthermore, we
observed reduced numbers of active caspase-3 expressing
cells in the injured spinal cord after SDF-1a application. On
the other hand, microgliosis was observed by SDF-1a. After
SCI, microglia which are decisive regulators of tissue damage
after SCI accumulate within the epicenter and the hematoma
of the injured spinal cord and are a putative source of IL-1b
[15].

Based on the above conceptual studies and our findings
regarding the bimodal role of SDF-1a during inflammatory
responses, we aimed at analyzing the role of intrathecal appli-
cation of SDF-1a after SCI in an early injury phase on NLRP-
inflammasome activation.

Material and Methods
Animals and Surgery

Research and animal care were approved by the Review
Board for the Care of Animal Subjects of the district govern-
ment (Tehran, Iran). In vivo experiments were performed in
14-week old male Wistar rats (350—400 g, Pasteur, Iran). An-
imals were housed under temperature-controlled conditions
with alternate light and dark cycles, 12 h each and ad libitum
access to water and food. For the continuous intrathecal ad-
ministration of SDF-1a, catheters were placed in all rats
1 week before the induction of SCI according to the procedure
outlined by Yaksh and Rudy [16] (Fig. 1a). Under anesthesia
with 2.0 % isoflurane in O, (Abbott, Germany), a sterile rat
intrathecal catheter (10 cm, 10 uL void volume, ALZET, Cu-
pertino, CA, USA) was inserted and advanced caudally to the
rostral edge of the lumbar enlargement through an incision in
the atlantooccipital membrane. Afterwards, 20 puL of sterile
saline was flushed through the catheter to clear the tip. The
catheter was fixed and the incision was subsequently sutured.
The exact location of the catheter was confirmed by hind limb
paralysis approx. 15 min post catheterization by injecting
10 pL 2 % lidocaine. Rats were allowed to recover for 7 days
and housed individually. Spinal contusion lesions were made
in accordance with the weight compression method [17]. This
procedure has been previously described in detail [14]. Brief-
ly, rats were anesthetized with 2.5 % isoflurane in O, (Abbott,
Germany), and the appropriate narcosis was controlled by
reflex testing such as the absence of a pedal withdrawal re-
sponse to a hard pinch. After shaving the surgical area, rats
were placed in a modified stereotactic frame. Skin incision
and blunt dissection of the muscle layers over the area of the
vertebral T10 level (spinal T9) were performed. Afterwards,
an adjustable forceps were applied to the spinous processes of
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Fig. 1 Time line of experiments A
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the second vertebra rostral the Th8 vertebra to stabilize the
spinal cord. In addition, the vertebra columns, transverse pro-
cesses of Th7 and Th9, were secured by transverse process
clamps of the Spinal Cord Adaptor (Stoelting Co, USA). Un-
der a surgical microscope, dorsal laminectomy of T8 vertebra
was performed using a fine rongeur. After laminectomy, the
spinal cord was compressed by placing a 50 g weight on the
exposed spinal cord column for 5 min using a rectangular
plate which is longitudinally oriented over the spinal cord.
The plate had an area of 11.0 mm?” (2.2x5.0 mm) and a con-
cave shape that ensured equal distribution of the pressure on
the spinal cord tissue. Immediately after injury, an infusion
pump (Model 2001, ALZET, Cupertino, CA, USA) with a
flow rate of 1 puL/h was filled with vehicle solution (PBS/
1 % BSA) or SDF-1a (500 ng/mL dissolved in 1 % BSA in
PBS), connected to the catheter and subcutaneously implanted
in to the neck region. During the surgery, body temperature
was maintained at 3637 °C. Postoperative aftercare included
saline rehydration (2 mL) and Baytril (0.3 mL, subcutaneous-
ly, twice daily) to prevent urinary tract infection. Additionally,
surgery-induced bladder dysfunction was compensated by
manual emptying twice a day.

T
72 168 [h]

time after SCl onset

Locomotion Deficit

Locomotion deficits of rats after SCI were scored in an open
field according to Basso, Beattie, and Bresnahan (BBB) loco-
motion rating scale of 0 (complete paralysis) to 21 (normal) as
previously described [18]. The scale assesses hind limb move-
ments, body weight support, forelimb to hind limb coordina-
tion, and whole body movements. Two experienced raters,
blinded to experimental treatment, observed open-field loco-
motion during a 5 min testing period after SCI and then daily
until sacrifice.

RNA Extraction and Real-Time PCR

Gene expression studies were performed with tissues corre-
sponding to the epicenter of injury. Total RNA was extracted
using peqGold RNA TriFast (PeqLab, Germany) as previously
described [19]. Total RNA amount and purity were deter-
mined using 260/280 ratios of optical density from each sam-
ple (Nanodrop 1000, PeqLap, Germany). Complementary
DNA of 1 pg of total RNA was synthesized using the M-
MLV reverse transcription (RT)-kit and random
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hexanucleotide primers (Invitrogen, Germany). Measurement
of expression levels of target genes was performed with a
mixture consisting of 2 pL reversed-transcribed cDNA,
2 ul. RNAse-free water (Invitrogen, Germany), 5 uL 2x
SensiMix SYBR and Fluorescein (Bioline, Germany), and
0.5 uL primers (10 pmol/uL). Quantitative real-time PCR
(qrtPCR) analysis was performed using the MylQ detection
system (Biorad, Germany). Relative quantification was calcu-
lated by the AACt-method using the gbase+software
(Biogazelle, Belgium). Data were expressed as relative
amount of the target gene to the amount of a reference gene
(CycloA). The values of sham animals were set to 100 %. Data
of interest were given as relative expression. A list of used
primers and analyzed genes is given in Table 1.

Tissue Preparation and Immunohistochemistry

Rats were deeply anesthetized with ketamine/xylazine
(RaziCo, Iran) and transcardially perfused with PBS followed
by 4 % paraformaldehyde (Sigma, Germany). The spinal cord
was carefully removed and placed in the same fixative over-
night for post fixation. Formalin-fixed spinal cord samples
(T9, epicenter of injury) were harvested for subsequent histo-
logical processing. To this end, tissue specimens were embed-
ded in paraffin (Merck, Germany) and 5 pm paraffin sections
were transversely cut. For each animal, four slices were ana-
lyzed with a distance of 50 pm in between.

For immunohistochemistry, a Vectastain-DAB Kit (Vector
Laboratories, Burlingame, CA) was used. After
deparaffinizing, sections were used for heat-induced epitope
retrieval (HIER) using Tris/EDTA bufter (pH 9, 20 min). Then
slices were exposed to 10 % goat serum for blocking of
non-specific reaction (Sigma, Germany) for 30 min and after-
wards incubated overnight at 4 °C with the respective primary
antibodies (for details of antisera see Table 2). The next day,
slices were washed and treated with H,O,/PBS (0.3 %,
30 min) (Roth, Germany) to block endogenous peroxidase.
Afterwards, sections were incubated with the appropriate sec-
ondary antibodies followed by the ABC complex. Diamino-
benzidine (DAB) was used as chromogen. Finally, sections
were counterstained with hematoxylin, dehydrated in graded
alcohols, and mounted.

Immunofluorescence Double-Labeling

Immunofluorescence double-labeling was performed as pre-
viously described [20]. In brief, formalin-fixed and paraffin-
embedded sections (5 wm) were rehydrated and unmasked by
Tris/EDTA (pH 9.0) buffer, blocked in PBS containing 2 %
FCS and 1 % BSA, and incubated overnight with the primary
antibodies diluted in blocking solution. A list of used antibod-
ies is given in Table 2. The following antibodies, anti-glial
fibrillary acidic protein antibody (GFAP), anti-neuronal
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Table 1  List of primers

Primer Sequence bp AT
IL-1b 170 62 °C
s TGGCAACTGTCCCTGAACTC

as GTCGAGATGCTGCTGTGAGA

CycloA 196 65 °C
S GGCAAATGCTGGACCAAACAC

as TTAGAGTTGTCCACAGTCGGAGATG

TNF-a 168 64 °C
S GGAGGGAGAACAGCAACTCC

as TCTGCCAGTTCCACATCTCG

IL-18 152 61 °C
S GGACTGGCTGTGACCCTATC

as TGTCCTGGCACACGTTTCTG

Nirplb 102 60 °C
S GGGGCAGCCAAATCAAGTTC

as TGAGCGGTCATTGCAACTCT

Nirp3 314 65°C
$ TCTGTTCATTGGCTGCGGAT

as GCCTTTTTCGAACTTGCCGT

Pycard (ASC) 80 64 °C
S GCTGCAGATGGACCCCATAG

CXCR4 195 62 °C
$ CAAGGCCCTCAAGACTACGG

as GAAGAGTGTCCACCCCGTTT

Argl 115 59 °C
s CCTATGCGTCATTTGGGTGG

as TACACGATGTCCTTGGCAGA

iNOS 134 62 °C
s TGGTTGAGGGGACTGGATTT

as CCAACTCTGCTGTTCTCCGT

AT annealing temperature, bp base pair length, s sense, as anti-sense, /-
1b interleukin-1 beta, CXYCR4 C-X-C chemokine motif receptor type 4,
cycloA cyclophilin a, TNF-a tumor necrosis factor, /L-18 interleukin-18,
Nirplb NACHT, LRR and PYD domains-containing protein 1b, Nlrp3
NACHT, LRR and PYD domains-containing protein 3, ASC apoptosis-
associated speck-like protein containing a caspase activation, 4rg/ Argi-
nase-1. iNOS inducible nitric oxide synthase

Table 2  List of antibodies

Antibody Company WB IHC IF HIER
ASC Santa Cruz, USA 1:1000 1:500 1:300 Tris/EDTA
GFAP Santa Cruz, USA - — 1:300 Tris/EDTA
IBA1 Abcam plc, UK - 1:2000 1:500 Tris/EDTA
NeuN Cell Signaling, USA — - 1:500 Tris/EDTA
Caspase-1 Santa Cruz 1:1000 — - -

NLRP3 Bioss, USA 1:1000 — 1:300 Tris/EDTA

WB western blot, /HC immunohistochemistry, /F immunofluorescence,
HIER heat-induced epitope retrieval
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nuclear antigen (NeuN), and ionized calcium-binding adapter
molecule 1 (Ibal), were combined either with anti-ASC or
anti-NLRP3. Fluorescent anti-rabbit antibody (1:500, Alexa
Fluor 488, Invitrogen, Germany) and anti-mouse/anti-goat an-
tibodies (1:500, Alexa Fluor 598, Invitrogen, Germany) were
used as secondary antibodies.

ELISA

Concentrations of mature IL-1b, mature I1-18, and TNF-a were
measured with enzyme-linked immunosorbent assay (ELISA)
kits following the manufacturer’s protocol. Briefly, spinal cord
tissue was dissected, homogenized in PBS (0.02 mol/L, pH
7.0-7.2) and centrifuged at 5000xg for 10 min at 4 °C. Super-
natants were collected and analyzed by ELISA. IL-1b, TNF-a,
and IL-18 protein concentrations were determined using a rat
IL-1b ELISA kit (900-K91, Peprotech, Rocky Hill, USA), rat
TNF-a ELISA kit (900-K73, Peprotech, Rocky Hill, USA), and
a rat [L-18 ELISA kit (ABIN416245, antibodies-online.com).
According to the manufacturer’s instructions, samples were
assayed in duplicate at absorbance rates for TNF-a, IL-1b at
405 nm, and IL-18 at 450 nm, respectively. Concentrations
were calculated from respective standard curves and expressed
as pictogram per milligram entire protein.

SDS PAGE and Western Blot

NLRP3, ASC, TLR-2, and caspase-1 protein were analyzed
using Western blotting. The spinal cord tissue was lysed in
ice-cold RIPA buffer consisting of 50 mM Tris—HCI, pH 8.0,
1 % (v/v) Nonidet P-40 (Sigma, Igepal, CA), 0.1 % SDS (so-
dium dodecyl sulfate), and 0.5 % sodium deoxycholate and
protease inhibitor cocktail (Complete Mini, Roche, Mannheim,
Germany). Protein concentration was determined using the
BCA™ Protein Assay Kit (Pierce, Bonn, Germany) according
to the manufacturer’s protocol. Same amounts of protein sam-
ples (approx. 30 pg per lane) were loaded, separated by 8—12 %
(v/v) discontinuous sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto a PVDF
membranes (Roche, Manheim, Germany). After blocking with
5 % skimmed milk in Tris-buffered saline containing 0.05 %
Tween 20 (TBS-T) for 1 h at room temperature, PVDF mem-
branes were incubated with primary antibodies (Table 2) over-
night at 4 °C. After washing with TBS-T, the membranes were
incubated with a peroxidase-conjugated goat anti-rabbit (Bio-
Rad, USA) secondary antibody for 2 h at room temperature.
Visualization was achieved using the enhanced chemilumines-
cence method (ECL plus, Pierce Scientific, Waltham, MA,
USA) according to the manufacturer’s protocol. For densito-
metric quantification, the intensities of the specific bands were
normalized to GAPDH in the same blot using ImagelJ software
(Free Java software provided by the National Institute of
Health, Bethesda, Maryland, USA).

Data Analysis

All data are given as means=SEM. Statistical differences be-
tween various groups were analyzed by Student’s ¢ test and
one-way analysis of variance (ANOVA) followed by Tukey’s
post-hoc test using GraphPad Prism 5 (GraphPad Software
Inc., USA). The BBB test was evaluated using two-way
ANOVA.

Results

The male Wistar rats (350—400 g) at the age of 14 weeks were
used for these experiments. After laminectomy, contusion le-
sions were made at the T9 spinal segment by placing a 50 g
weight on the intact dura mater for 5 min. After experimental
SCI, rats were intrathecally treated with SDF-1a or PBS/BSA.

In preliminary experiments, we have evaluated the influ-
ence of SDF-1a alone without any injury. SDF-1a did not
change the behavioral performance per se and did not affect
any of the inflammatory cascades or inflammasome factors as
reported here after SCI (data not shown).

Locomotion Deficits after SCI and SDF-1a
Supplementation

The BBB locomotion rating scale was developed based on the
natural progression of locomotion recovery in rats with tho-
racic SCI. As expected, BBB scoring reached maximum
values of 21 in all animals in the sham group. After injury,
BBB score dropped within 6 h to 0 (Fig. 1b). This confirms a
successful and correct SCI procedure. During the first 24 h
after SCI, scores remained at this low level reflecting the typ-
ical spinal shock phase. After that, BBB scores gradually but
slowly increased until 7 days resulting in a maximum recovery
of 2-3 scores/animal after 7 days in placebo animals. The
administration of SDF-1a substitution did not significantly
affect the initial motor scoring depletion during the first
24 h. Thereafter, we observed a faster and significantly better
recovery at 72 h and 7 days after the insult with a maximum
value of 5-6 scores/animal at 7 days (Fig. 1b).

Time Course of Cytokine and Inflammasome Expression
after SCI

In the next step, we have analyzed the mRNA and protein
expression profiles of key inflammatory markers during the
initial 7 days after SCI and the effect of SDF-1a supplemen-
tation on these parameters. IL-1b and TNF-a mRNA and pro-
tein values immediately rose within the first 6 h, remained at
this high level until 24 h, and then rapidly declined but were
still significantly elevated after 72 h and 7 days compared to
sham controls (Fig. 2a, b). IL-18 mRNA and protein levels
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X-fold mRNA expression of Sham
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Sham  SCi6h

X-fold mRNA expression of Sham

Fig.2 Cytokine expression in the spinal cord after SCI. a Time course of
IL-1b, IL-18, and TNF-a mRNA expression during 7 days post SCI
analyzed by qrtPCR. b Protein amounts at the same time points of IL-
1b, IL-18, and TNF-a in the spinal cord after SCI measured by ELISA. ¢

stepwise increased reaching significant differences compared
to sham group only at 72 h. IL-18 concentrations were at all
investigated time points lower compared to the other two cy-
tokines. Since CXCR4 is the main receptor for SDF-1a [21],
we have analyzed the expression profile of the CXCR4 during
the first 7 days post SCI. These data clearly show a massive
upregulation of the CXCR4 receptor at day 3 and 7 post injury
(Fig. 2c¢).

In a further attempt, we have determined the expression
pattern and profile of distinct inflammasome components dur-
ing the given time points and the influence of SDF-1a on
inflammasome expression. As shown in Fig. 3a, NLRP1b
and NLRP3 mRNA levels also rapidly increased until 6 h,
whereas ASC remained low. Then, NLRP3 and ASC further
rose until 72 h and dropped at 7 days. In contrast, NLRP1b
already decreased after 24 h and reached basal values at
72 h post injury. The analysis of the corresponding protein
values by Western blot showed that NLRP1b is already con-
stitutively expressed in sham animals at considerable levels,
then decreased being lowest at 6 and 24 h and slightly returned
to basal values at 72 h (Fig. 3b). NLRP3 is only marginally
found under control conditions but then increases until 72 h. A
similar expression profile was seen with ASC which was al-
ready high at 24 h. Figure 3c, d give the corresponding
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quantitative densitometric evaluation. The analysis of cleaved
active-caspase-1 protein and pro-IL-1b protein profiles re-
vealed that pro-caspase-1 decelerates until 72 h and active-
caspase-1 is strongly increased at 72 h (Figs. 3b, e). Pro-IL-
1b is also clearly upregulated at 24 and 72 h.

Effect of SDF-1a Treatment on Cytokine
and Inflammasome Expression

Since all parameters were significantly upregulated in SCI
animals after 72 h (see Fig. 2b), the influence of SDF-1a on
mRNA and protein expression after SCI was determined at
this time point. We observed that the administration of SDF-1a
significantly reduced the SCI-dependent increase of IL-18
mRNA levels, whereas SCI-induced TNF-a and IL-1b mRNA
expression was not significantly affected by SDF-1a (Fig. 4a—
c). In contrast to the protein level, SDF-1a significantly atten-
uated the SCI-mediated upregulation of all three cytokines
(Fig. 4d—f). Importantly, SDF-1a treatment did not reduce
the mRNA level and protein level (data are not shown) of
pro-IL1b but significantly attenuated SCI-mediated upregula-
tion of mature IL-1b. The production of pro-IL-1b is necessary
before multiprotein caspase-1l-activating complex
inflammasome is able to create mature IL-1b. Since SDF-1a
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dampened active-caspase 1, we might argue that SDF-1a di-
minished SCI-mediated induction of active IL-1b by
preventing the increase of active-caspase-1.

With respect to inflammasomes, we have analyzed NLRP3
and ASC at 72 h but left out NLRP1Db at that time point, since
this inflammasome has already reached basal values as shown
in Fig. 3a. SDF-1a significantly dampened the SCI-mediated
induction of NLRP3 and ASC transcription (Fig. Sa, b) and
significantly reduced NLRP3 and ASC mRNA and protein
levels (Figs. 5a—d, g). In addition, SDF-1a significantly
prevented the increase of active-caspase-1 without affecting
pro-caspase-1 protein (Fig. Se—g). In additional experiments,
we did not find any obvious regulation of CXCR4 expression
by SDF-1a (data not shown).

Effect of SDF-1a Application on ASC+ Cell Numbers
and Coocalization of ASC, and NLRP3with Iba+
Microglia, GFAP+ Astroglia, and NeuN+ Neurons,
Respectively

The distribution of ASC+ cells, the effect of SDF-1a on ASC+
cell numbers, and the colocalization of ASC+ and NLRP3+
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point. c—e Quantitative assessment of protein values by densitometric
evaluation. *p<0.05 and **p<0.01 SCI vs. Sham. Data represent
means+=SEM. Q-PCR, n=6; WB, n=4

cells were investigated by immunohistochemistry and double-
immunofluorescence staining in the epicenter of SCI lesion.
ASC+ cells were counted in the total gray matter within the
extension of the T9 segment. For each animal, a total of four
slices were analyzed with a distance of 50 um in between.
Compared to sham animals, the number of ASC+ cells signif-
icantly increased after SCI 72 h. SDF-1a clearly reduced the
number of ASC+ cells (Fig. 6g, h). Double-
immunofluorescence staining revealed that ASC is predomi-
nantly associated with GFAP+ astroglia and Ibal+ microglia/
macrophages (Fig. 6c, d). Ibal+ cells also showed consider-
able co-labeling with NLRP3 (Fig. 6e). GFAP+ astroglia only
marginally contained NLRP3 (Fig. 6b). NeuN+ neurons oc-
casionally co-expressed ASC (not shown) but as shown in
Fig. 3a, NeuN+ were more frequently positive for NLRP3

(Fig. 6a, f).
SDF-1a Affects Microgliosis
We reported in a previous study that microglial cells are tar-

gets for SDF-1a [14]. The numbers of Iba-1 cells were signif-
icantly higher in SDF-1a-treated compared to placebo-treated
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animals 4 weeks after SCI which represents a chronic stage
after neurotrauma. Here, we have evaluated the effect of SDF-
la on this cell population in an acute phase after SCI (Fig. 7).
We observed a slight but significant microgliosis in the SDF-
la-treated compare to placebo animals. Interestingly,
microglial cells showed a different morphology after SDF-1a
exposure with a more ramified phenotype (Fig. 7b) in com-
parison to the placebo group where Ibal+ cells were round
without or with small branches. We also evaluated mRNA
expression profiles of inducible nitric oxide synthase (iNOS)
and arginase 1 (Argl) which are characteristic for the pro-
inflammatory M1 microglia phenotype (iNOS) and presum-
ably more protective M2, respectively [22]. SDF-1a increased
this ratio toward Argl and the M2 phenotype (Fig. 7c). We
propose that the neuroprotective potential of SDF-1a can be
ascribed to the fact that microglial function is shifted from a
pro-inflammatory status toward a more protective condition.
This would allow damaged neurons to better survive the crit-
ical early period after SCI onset.

Discussion
SDF-1a is an interesting compound for regenerative medicine

due to its ability to attract different types of stem/progenitor
cells to the defect site [23]. Several studies have demonstrated
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that the SDF-1a/CXCR4 pathway regulates homing of
engrafted stem cells to sites of tissue damage after SCI within
the CNS. In particular, this treatment and stem cell migration
improved recovery processes in the spinal cord [24].
Supporting this treatment with anti-SDF-1 blocking serum
resulted in a marked impairment in migration and proliferation
of engrafted neural stem cells [25]. Besides stimulation of cell
migration, SDF-1a is able to promote neurite outgrowth of
cultured neurons [12] and to protect neurons from apoptosis
after 3-amyloid-induced neurodegeneration [26].

Our study clearly demonstrates that the chemokine SDF-1a
reduces inflammatory responses in the spinal cord after SCI
and might thereby ameliorate the measure of damages to the
spinal cord tissue including functional deficits. Precisely, we
found that the induction and activation of distinct key control
switches centers of inflammation, the inflammasome com-
plexes, are dampened and subsequently that the formation of
pro-inflammatory cytokines related to inflammasome activity
is inhibited. Further, we report that different neural cell types
including neurons, astroglia, and microglia show
inflammasome activation after injury, suggesting a multiplex
cell-cell network implicated in local inflammation and protec-
tion by SDF-1a. Together with the previous findings which
showed that chronic intrathecal delivery of SDF-1a into the
damaged area after SCI protected from neuronal cell death and
functional deficiency [14], we assume that the anti-
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inflammatory potency of SDF-1a is a key function for provid-
ing neuroprotection and functional recovery after SCI.

Acute and ongoing chronic local inflammation after SCI
appears to be a key element determining the functional outcome
and recovery after damage. Thus, the brain innate immune
system represented by microglial cells interacts with other
CNS cells primarily astroglia, the endothelium, oligodendro-
cytes, and hampered neurons to provoke inflammatory reac-
tions and the stimulation of pro-inflammatory cytokine net-
works after SCI [27, 28]. Despite many similarities with inflam-
matory episodes occurring in the brain after neurotrauma, the
injured spinal cord reveals distinct anatomical and molecular
differences [29]. The migrating and invading macrophages rep-
resent an integral and specific feature, since the sequential ac-
tivation and composition of pro-inflammatory M1 macro-
phages and alternatively stimulated M2a, M2b, and M2c mac-
rophage subtypes occur during wound healing and facilitate the
transition between inflammation, proliferation, and tissue re-
modeling [22]. Generally, SCI induces a low-grade inflamma-
tory state which is characterized by bidirectional communica-
tion between the nervous, endocrine, and immune system [30].
Microglia accumulation peaks in the lesion on 3—7 days post

SCI 72h
SDF-1a

analysis shows three representative samples per treatment and time
point. *¥p<0.01 SCI vs. Sham, *p<0.05, #p<0.01 and *p<0.001
SCI/SDF-1a vs. SCI placebo. Data represent means=SEM n=6

SCI throughout the gray and white matter at the epicenter of the
injury site [31]. These cells typically produce, after a delay of
several hours, pro-inflammatory cytokines such as IL-1b and
TNF-a, and recruit other cells to the damaged site [27].
Microglial cells are the primary mediators of the CNS immune
defense system and crucial for shaping inflammatory re-
sponses. They represent a highly dynamic cell population
which is constantly moving and surveying their environment.
Acute brain damage such as SCI causes a local attraction and
activation of this immune cell type which involves neuron-to-
glia and glia-to-glia interactions [32]. Microglial cells can be
classified into at least two subsets of phenotypes with distinct
molecular and effector functions. The pro-inflammatory M1
type which produces high amounts of ROS, proteases, and
pro-inflammatory cytokines and an alternatively activated M2
microglial cell subtype which promotes tissue remodeling/
repair and angiogenesis [33]. It is currently believed that the
dual properties (protective-destructive) of microglia cells corre-
late with a permanent switching of this cell type between dif-
ferent activity states depending on cell-cell interactions and
regulatory diffusible molecules present in the near proximity.
The prevailing view attributes microglia a “negative” role such
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as defense and debris elimination. More topical studies also
suggest a protective and “positive” regulatory function. After
SCI, microglia plays a decisive role in secondary injury, and the
activation of a single macrophage phenotype can facilitate
proper wound healing following SCI [15]. Successful orches-
tration of macrophage-mediated tissue repair requires fine
tuning different macrophage phenotypes to harmoniously facil-
itate transitions among different wound healing phases [22].
Considering our data that SDF-1a treatment shifts the microglia
phenotype within the spinal cord lesion site from a M1 to a M2
protective microglia cell, we also propose that SDF-1a protect
neurons from cell death by interfering with microglia function.
Nevertheless, further studies are required to emphasis this effect
of SDF-1a on microglia.

Early after injury onset, mainly neurons and astroglia syn-
thesize chemokines and cytokines [34, 35]. Besides orches-
trating the inflammatory reaction, these pro-inflammatory
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shown). g, h show the quantitative evaluation of ASC+ cell numbers in
the ventral horn of the spinal cord 72 h after SCI and SDF-1a treatment
and representative microphotographs of the different experimental
groups. ***p<0.001 Sham vs. SCI placebo; #p<0.01 SCI/SDF-1a vs.
SCI placebo, scale bars in H (50 pum), in C-F (100 um), and in D, E
(200 pm). Data represent means=SEM from n=5

factors are implicated in neuronal survival, wound healing,
and myelin and debris phagocytosis. Within the first 24 h after
injury, neutrophils are among the first immigrating cells occu-
pying the injury site followed by monocytes and macrophages
[35, 36]. Membrane spanning Toll-like receptors (TLRs) and
the cytoplasmic sensors Nod-like receptors (NLRs), which
recognize pathogens and initiate innate immune responses to
protect the host also sense damaged tissue/cells and released
stressor ligands, are functionally implicated in the propagation
of SCl-related inflammatory cascade [37—39]. These receptors
are typically expressed by a variety of spinal cord cells under
regular and pathological conditions [40]. TLR and NLR are
integrated in the signaling process of initiation of inflamma-
tion and form the intracellular platform responsible for acti-
vating the intracellular inflammasomes [41].

TLRs play an important role in mediating the inflammatory
responses in general and in the spinal cord. It has shown that
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the expression of TLRs and their downstream effectors is in-
creased after SCI [42]. TLR4 expression was primarily local-
ized to CNS macrophages, whereas TLR2 was found in CNS
macrophages and astrocytes in equivalent amounts [38]. It has
been shown that TLRs are key modulators of sterile inflam-
mation and glial activation associated with SCI, although it
remains to be determined whether they mediate neuroprotec-
tion or neurodegeneration via direct effects on spinal neurons
[42]. Despite considerable progress over the past decade, the
role of TLRs in the physiological and pathological function of
the spinal cord remains inadequately defined. As well, no data
are available regarding the regulation of TLR and NLR under
SDF-1a treatment protocols. Additional studies are required to
define the effectiveness of SDF-1a on TLR ligands as thera-
peutic agents in SCI and disease. A well-characterized out-
come of TLR/NLR activation and cooperation with the
inflammasome complexes is the activation of cytokine pro-
cessing and in particular of IL-1{3 and IL-18 synthesis and
secretion [39, 41]. The stimulation of the cytosolic
multiprotein inflammasome complexes such as NLRP3 gen-
erally requires two signals. First, a priming signal to increase

laup-regulates Argl and increases Argl/iNOS ratios. Therefore, SDF-1a
shifts microglia cells toward a M2 phenotype (c)

the transcription of inflammasome components and a second
signal that leads to the assembly and activation of the
inflammasome and interleukin processing [36, 39]. In a series
of studies, de Rivero Vaccari and colleagues have shown that
NALP1 is expressed in neurons of the intact rat spinal cord.
Further, SCI promoted the assembly and activity of this
inflammasome complex, and neuronal purinergic P2X recep-
tor subtypes are involved in SCI-mediated NALP1 activation
[6]. Another report showed that the inhibition of Rho kinase
signaling pathways after SCI reduced the secondary neural
injury in conjunction with attenuated inflammasome activa-
tion [43]. In a recent study, we could demonstrate that poly-
unsaturated fatty acids such as omega-3 fish oil components
are neuroprotective agents in another acute brain damaging
model, i.e., ischemic stroke in rats [19]. The observed reduc-
tion of the infarct area was clearly associated with a prevention
of NLRP3 activation in the brain. The present study now
demonstrates that different inflammasome complex com-
pounds are stimulated and activated in a coordinated fashion
and time setting during the first 3 days and then drop until
7 days with ASC and NLRP3 remaining elevated compared to
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basal activities. We also show that, besides neurons, astroglia
and microglia express subtypes of inflammasome devices to a
substantial extent. This clearly emphasizes the importance of
the local cellular inflammatory network in the initiation and
maintenance of local inflammatory responses after SCL

In the adult and healthy CNS, SDF-1a is constitutively
expressed, although at relatively low levels [45] and is typically
upregulated during neuroinflammatory challenges, particularly
by endothelial cells of micro blood vessels and astrocytes in
multiple sclerosis [46]. SDF-1a fulfills the classical role of a
chemokine in the local immune responses and is implicated in
the attraction of CXCR4+ T cells and monocytes to the sites of
inflammation [47]. It is believed that innate immune cells mi-
grate along a concentration gradient of chemokine (s) across the
blood-brain barrier (BBB) to their target [48]. In the immune
system, the binding of SDF-1a to CXCR4 induces intracellular
signaling through several divergent pathways, such as upregu-
lating the binding activity of LFA-1 and VLA-4 on T cells,
thereby initiating and controlling chemotaxis [47]. SDF-la
and/or its receptors are also associated with the pathogenesis
of autoimmune diseases, such as rheumatoid arthritis and sys-
temic lupus erythematosus [47]. In multiple sclerosis and relat-
ed animal models mimicking aspects of multiple sclerosis,
SDF-1a appears to be one of the major regulators of neuroin-
flammation and interference with SDF-1a signaling suggests a
protective role for this chemokine [49] by inducing CD4+ cell
apoptosis [50] and switching antigen-specific effector T cells
from a destructive to a regulatory phenotype [51]. Irrespective
of the anti-inflammatory potency, SDF-1a might in addition
help to overcome tissue damage within the CNS by affecting
the migration and survival of oligodendrocyte precursors and
facilitating remyelination [52].

In conclusion, we have demonstrated in our study the in-
volvement of different inflammasome complexes and their
modules to be sequentially activated in the zone of tissue
injury after SCI. The administration of SDF-1a reduced tissue
damage in the spinal cord and improved functional recovery.
Our data let us reason that the SDF-1a-mediated attenuation of
inflammasome activation and local inflammatory processes
are crucial for the observed neuroprotective action.
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