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Abstract

NADPH oxidase (NOX2) is an enzyme that induces reactive oxygen species (ROS) and serves as a
switch between the pro-inflammatory and neurorestorative microglial/macrophage phenotypes;
such changes play an important role in neuropathic pain and motor dysfunction. Increased NOX2
expression after spinal cord injury (SCI) has been reported, and inhibition of NOX2 improves
motor function. However, the underlying mechanisms of NOX2 in post-traumatic pain and motor
deficit remain unexplored. In the present study, we report that depletion of NOX2 (NOX27/") or
inhibition of NOX2 using NOX2ds-tat significantly reduced mechanical/thermal cutaneous
hypersensitivity and motor dysfunction after moderate contusion SCI at T10 in male mice.
Western blot (WB, 3 mm lesion area) and immunohistochemistry (IHC) showed that SCI elevates
NOX2 expression predominantly in microglia/macrophages up to 8 weeks post-injury. Deletion of
NOX2 significantly reduced CD11b*/CD45"IF4/80* macrophage infiltration at 24h post-injury
detected by flow cytometry and 8-OHG™* ROS production at 8 weeks post-injury by IHC in both
lesion area and lumbar enlargement. NOX2 deficiency also altered microglial/macrophage pro-
inflammatory and anti-inflammatory balance towards the neurorestorative response. WB analysis
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showed robust increase of Arginase-1 and YMZ1 proteins in NOX2~/~ mice. Furthermore, gPCR
analysis showed significant up-regulation of anti-inflammatory cytokine IL-10 levels in NOX2~/~
mice, associated with reduced microRNA-155 expression. These findings were confirmed in
CD11b* microglia/macrophages isolated from spinal cord at 3 days post-injury. Taken together,
our data suggest an important role for IL-10/miR-155 pathway in regulating NOX2-mediated SCI-
dysfunction. Thus, specific targeting of NOX2 may provide an effective strategy for treating
neurological dysfunction in SCI patients.
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related behavior; motor function

1. Introduction

Spinal cord injury (SCI) results not only in sensorimotor deficits and autonomic changes, but
also in a chronic, severe and often unrelenting pain that occurs in as many as 85% of SCI
patients (Siddall et al., 2003; Stormer et al., 1997). Unfortunately, no known treatments
consistently improve motor function or pain. This may reflect, in part, an incomplete
understanding of complex secondary mechanisms. Activation of microglia/macrophages and
associated neuroinflammation after SCI has been implicated as a mechanism for subsequent
neurological dysfunction. However, no accepted current treatments specifically target
neuroinflammatory mechanisms.

Accumulating evidence indicates that reactive oxygen species (ROS) contribute to the
development of pain hypersensitivity (Little et al., 2012; Salvemini et al., 2011). ROS can
act as specific signaling molecules in pain processing. Reduction of ROS levels by
administration of scavengers or antioxidant compounds can attenuate the nociceptive
behavior in various animal models of chronic pain (Gao et al., 2007; Kim et al., 2004; Lu et
al., 2011; Siniscalco et al., 2007). Recent evidence shows that ROS may contribute to
neuropathic pain in SCI animal models (Hulsebosch et al., 2009; Walters, 2014).
Remarkably, NADPH oxidase (NOX2) is a critical inducer of both extracellular and
intracellular ROS in microglia/macrophages (Lambeth, 2004); such inflammatory related
changes play an important role in chronic neuropathic pain associated with a variety of
conditions: peripheral neuropathy, visceral pain, capsaicin-induced hyperalgesia, and SCI-
Pain (Hulsebosch et al., 2009; Kim et al., 2004). NOX2-related ROS expression in spinal
cord microglia/macrophages has been implicated in neuropathic pain following peripheral
nerve injury (Kallenborn-Gerhardt et al., 2014; Kim et al., 2010). In a rat model of chronic
SCI-induced neuropathic pain, apocynin (a non-specific NADPH oxidase inhibitor)
significantly reduced abnormal mechanical hypersensitivity, likely by inhibition of ROS
(Hassler et al., 2014).

We and others have shown the importance of phagocytic NOX2 in microglial/macrophages
activation and correlated production of pro-inflammatory factors after central nervous
system (CNS) trauma (Cooney et al., 2014; Khayrullina et al., 2015; Kumar et al., 2016;
Loane et al., 2014; Loane et al., 2013; Loane et al., 2009). Inhibition of NOX2 by NOX2ds-
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tat (a peptide that specific inhibits NOX2) or NOX2 deletion by using NOX2 knockout
(NOX27/7) mice are neuroprotective after ischemia/reperfusion injury and TBI (Chen et al.,
2011; Chen et al., 2009; Kumar et al., 2016; Loane et al., 2013; Zhang et al., 2012).
Increased NOX2 expression after SCI has been demonstrated in reactive microglia/
macrophages surrounding the lesion for weeks after injury (von Leden et al., 2016). In a
mouse SCI model, the combined use of the NOX2 inhibitor apocynin and the AMPA
receptor inhibitor NBQX reduced lesion volume, increased preservation of white matter and
a improved functional recovery up to 6 weeks post-injury (Johnstone et al., 2013). Acute
inhibition of NOX2 by intrathecal single injection of NOX2ds-tat reduce long-term changes
in motor function and microglial activity after SCI (Khayrullina et al., 2015). However, no
studies to date have been examined effects of SCI using a NOX2~~ mouse model.
Furthermore, the underlying mechanisms that regulate NOX2-dependent phenotypic changes
in microglia/macrophages after SCI remain to be elucidated.

Because NOX2 protein is elevated in the spinal dorsal horn microglia after peripheral nerve
injury and genetic deletion of NOX2 attenuates spinal nerve transection-induced mechanical
and thermal hyperalgesia (Kim et al., 2010), the aims of the present study were to: (1) test
whether genetic deletion or pharmacological inhibition of NOX2 limits SCl-induced
cutaneous hypersensitivity and motor dysfunction; and (2) investigate the cell signaling
mechanisms that regulate NOX2-mediated neurological dysfunction following SCI.

2. Materials and methods

2.1. Animals, spinal cord injury, and drug treatment

All experiments were conducted using either adult male C57BL/6 mice (20-25 g, purchased
from Taconic, Rensselaer, NY), NOX2 knockout (NOX2~/~: B6.129S-Cybbtm1Din/J, stock
002365; Jackson Laboratories, Bar Harbor, ME), or their age-matched C57BL/6 (WT) male
mice. All animals were housed on a 12:12 h light/dark cycle with food and water available
ad libitum. All procedures were carried out in accordance with protocols approved by the
Institutional Animal Care and Use Committee (IACUC) at the University of Maryland
School of Medicine.

A spinal cord contusion injury was produced using the Infinite Horizon (Precision Systems
and Instrumentation) spinal cord impactor as previously described (Matyas et al., 2017; Wu
etal., 2013; Wu et al., 2016a; Wu et al., 2014). Briefly, mice were deeply anesthetized with
isoflurane evaporated in a gas mixture containing 70% N20 and 30% O2 and administered
through a nose mask. The spinal column was stabilized using lateral clamps over the lateral
processes at T9 and T11. A laminectomy was performed at T10 followed by a midline spinal
impact with a force of 60 kilodyne for 2 sec dwell time, a moderate injury. Sham mice
received laminectomy without contusion. Bladders of injured mice were manually expressed
2-3 times per day until a reflex bladder was established. All mice from both genotypes were
randomly assigned to experimental groups and individuals involved in data analysis were
blinded to group designations throughout all stages of the experiment. The number of mice
at various time points in each study is indicated in the figure legends.
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A potent selective NOX2 inhibitor, NOX2ds-tat (AnaSpec Inc. Fremont, CA) was
completely dissolved in sterile saline and administered intraperitoneally (IP) once daily
beginning 3 h post-injury and continuing for 7 days. Groups of mice received 5 mg/kg
NOX2ds-tat or the equivalent volume of ds-tat scrambled peptide as a vehicle. This dose was
based on reported therapeutic effects in mice (Abais et al., 2013). After SCI, mice were
assigned to a treatment group according to a randomized block experimental design.

2.2. BMS for hind limbs locomotion

Mice were tested for hind limbs motor function in open field chamber on day 1 and days 3
after SCI and weekly thereafter for up to 6 weeks using the Basso Mouse Scale (BMS) by
two investigators blinded to the genotype or treatment groups (Basso et al., 2006; Matyas et
al., 2017; Wu et al., 2016a).

2.3. Mechanical and thermal allodynia tests

The development of mechanical allodynia after SCI was assessed using the Von Frey
filament method as described previously (Wu et al., 2013; Wu et al., 2016b) by investigators
blinded to the genotype or treatment groups. Briefly, each mouse was placed in individual
Plexiglass chamber (model 37000-003, Ugo Basile SRL, Varese, Italy) on a wire mesh
platform for 1 h to acclimate followed by testing. A series of von Frey filaments (Touch Test
Sensory Evaluator Kit, Stoelting, #58011) with incremental stiffness ranging from 0.04 g to
2.0 g were applied to the plantar surface of each hind paw, beginning with the 0.04 g
filament, until the fiber just bent, and held in place for 5 s or until a withdrawal response
occurred. A valid response is defined as a brisk, complete withdrawal of the hind paw from
the platform. Threshold was defined as the filament with the lowest bending force (at least 3
times out of 5 applications) (Matyas et al., 2017; Ren and Dubner, 1999; Wu et al., 2013).

An incremental hot plate (PE34; IITC Life Sciences, Woodland Hills, CA) was used to
assess the thermal allodynia (Matyas et al., 2017; Wu et al., 2015; Wu et al., 2016b). Briefly,
each mouse was allowed for 30 min for acclimation in a Plexiglass cylinder on the 30°C
metal plate. The temperature of the plate at the time when the licking occurred was recorded
as the outcome measure. Automatic cut-off temperature of 50°C was used to avoid tissue
injury.

2.4. Western blot analysis

Mouse spinal cord tissues (approximately 3 mm) centered on the injury site were collected
at indicated time and homogenized in RIPA buffer (Sigma-Aldrich) supplemented 1x
protease inhibitor cocktail (Sigma-Aldrich), phosphatase inhibitor cocktail Il and 111 (Sigma-
Aldrich), sonicated and centrifuged at 20,0009 for 20 min (Wu et al., 2015; Wu et al.,
2016b). Protein concentrations were determined by the Pierce BCA method (ThermoFisher
Scientific, US). Samples were run on 4-20% SDS-PAGE (Bio-Rad, Hercules, CA), and
transferred to nitrocellulose membrane (Bio-Rad). Primary antibodies included: mouse anti-
gp91PNoX (NOX2; 1:500, Cat# 611415, BD Biosciences, San Diego, CA); mouse anti-
arginase 1 (N-20) (1:1000; Cat# 610709, BD Transduction Laboratories, San Jose, CA),
rabbit anti-Ym21 (1:1000; Cat# 60130, Stem Cell Technologies, Vancouver, BC, Canada),
and mouse anti-Glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 1:2000; Cat#
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AB2302, Millipore, Temecula, CA). After incubation with the appropriate HRP conjugated
secondary antibodies (KPL, Inc., Gaithersburg, MD), immune complexes were visualized
using SuperSignal West Dura Extended Duration Substrate (Thermo Scientific, Rockford,
IL). Chemiluminescence was imaged with a Kodak Image Station 4000R station
(Carestream Health Inc., Rochester, NY) and protein bands were quantified by densitometric
analysis using Carestream Molecular Imaging Software (Carestream Health Inc., Rochester,
NY). The data presented reflects the intensity of a target protein band normalized by
GAPDH and compared to sham for each sample (expressed in the fold of sham).

2.5. Immunohistochemistry and quantitative image analysis

Mice were intracardially perfused with saline, then with 4% paraformaldehyde at indicated
time. After post-fixation and cryoprotection, the dissected 0.6-cm segment of spinal cord
centered at the injury epicenter (lesion area) or 0.2-cm segment of lumber enlargement (L4-
5) were coronally sectioned at 20um thickness and thaw-mounted onto Superfrost Plus
slides (ThermoFisher). Luxol fast blue (LFB) staining was used to determine the location of
the injury epicenter with the least amount of spared white matter (Wu et al., 2012). SWM
area was calculated at the injury epicenter as well as at points rostral and caudal to the
epicenter by quantifying the total area stained by LFB. Images were taken at 2.5x
magnification and analyzed using NIH ImageJ software. The threshold level of each 8-bit
image was set to display only LFB-positive pixels, and total LFB-positive area was
calculated for each section.

Coronal spinal cord sections were applied for immunohistochemistry (IHC) staining
followed procedures described previously (Wu et al., 2013). The following primary
antibodies were used: mouse anti-gp91P"oX (NOX2; 1:500, Cat# 611415, BD Biosciences);
rabbit anti-lonized calcium binding adaptor molecule 1 (Iba-1, 1:1000, Cat# 019-19741,
Wako Chemicals); mouse anti-NeuN (RBFOX3, 1:500, Cat# MAB377, Millipore), and
mouse anti-8-hydroxyguanine (8-OHG, 1:200, Cat# ab10802, Abcam, Burlingame, CA). All
immunohistological staining experiments were performed with appropriate positive control
tissue as well as primary/secondary-only negative controls. For quantitative image analysis,
images were acquired using a fluorescent Nikon Ti-E inverted microscope, at 20X (CFI Plan
APO VC 20X NA 0.75 WD 1mm) magnification and the background of each image was
subtracted using background ROI (Liu et al., 2015; Matyas et al., 2017). All images were
quantified using Elements: nuclei were identified using Spot Detection algorithm; cells
positive for any of the immunofluorescence markers were identified using Detect Regional
Maxima algorithm, followed by global thresholding. The number of positive cells was
normalized to the total imaged area (mm?). For each experiment data from all images from
one region in each mouse was summed up and used for final statistical analysis. At least
500-1000 cells were quantified per mouse per experiment. The number of NeuN labeled
cells in the grey matter (GM) at the 0.6 mm rostral or caudal to the center was determined
for each animal (2-4 images per location from 4-5 sections per mouse) from both sides of
ventral/dorsal horns and intermediate GM. For NOX2/Iba-1 and 8-OHG/Iba-1, images were
acquired 0.4 mm rostral or cordal to the epicenter or L4-5 spinal dorsal horns (LSDH), with
n=2-4 images per location (whiter matter and grey matter) from four to five sections per
mouse.
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2.6. Isolation of CD11b+ microglia/macrophages

A magnetic-bead conjugated anti-CD11b antibody was used to isolate microglia/
macrophages from spinal cord tissue of WT and NOX2~/~ mice using MACS Separation
technology (Miltenyi Biotec, Auburn, CA) as previously described (Holt and Olsen, 2016;
Wau et al., 2010). Briefly, after intracardially perfusion with saline spinal cord tissue were
rapidly dissected and dissociated by combining an optimized enzymatic treatment (Adult
Brain Dissociation Kit; 130-107-677, Miltenyi Biotec) with gentle mechanical dissociation
using the gentleMACS Octo Dissociator with Heaters (130-096-427, Miltenyi Biotec).
Myelin was removed using Myelin Removal Beads Il (130-096-733, Miltenyi Biotec) and
LS columns (130-042-401, Miltenyi Biotec), and cell suspension were incubated with
CD11b microbeads (130-093-634, Miltenyi Biotec) and loaded onto a MS column
(130-096-335, Miltenyi Biotec) placed in the magnetic field of a MACS separator. The
negative fraction (flow through) was collected, and the column was washed three times with
MACS buffer. CD11b-positive cells were eluted by removing the magnetic field, resulting in
the isolation of approximately 95% viable CD11b-positve cells from sham and SCI mice
(data not shown).

2.7. Flow cytometry analysis

CD11b-selected cells were stained using anti-CD45-FITC (1:10, Cat#130-102-457, Miltenyi
Biotech) and anti-F4/80-APC (1:50; Cat#17-4801-82, Life technology), or anti-CD11b-
APC-efluor 780 (1:480, Cat# 47-0112-82, Invitrogen), anti-CD45-Efluor 450 (1:120, Cat#
48-0451-82, Invitrogen), and anti-F4/80-Alexa Fluor 647 (1:100; Cat# MF48021,
Invitrogen) for 30 min at 4°C in the dark. Cells were washed twice with 1 ml of FACS
buffer, fixed using 1% paraformaldehyde, and 20,000 events were recorded using a BD
FACS Canto Il cytometer (BD Bioscience). Gating was determined based on appropriate
negative isotype controls. Infiltrating macrophage and microglia was determined by gating
on CD11b+CD45"F4/80+ (infiltrating macrophages) and CD11b+CD45!"t (microglia) cells
(Kumar et al., 2015). Data was analyzed using FlowJo Software (v.X; TreeStar, Inc.,
Ashland, OR).

2.8. Quantitative PCR (qPCR) analysis

Total RNA was isolated using miRNeasy Kit (Qiagen) with on-column DNase treatment
(Qiagen, Valencia, CA). cDNA synthesis was performed on 1 pg of total RNA using a Verso
cDNA RT kit (Thermo Scientific, Pittsburg, PA); according to the manufacturer’sprotocol.
gPCR amplification was performed by using cDNA TagMan Universal Master Mix |1
(Applied Biosystems). Gene expression assays for the following genes were used: TNFa.
(Mm00443258_m1), IL-1p (MmO0133-6189_m1), inducible nitric oxide synthase (iNOS;
MmO00440502_m1), IL-6 (Mm00446190_m1), formyl peptide receptor 2 (Fpr2;
MmO01157717_s1), Arginase 1 (Arg-1, Mm00475988_m1), chitinase-like protein 3 (Ym1,
also called Chil3, Mm00657889_mH), IL-4Ra (Mm012751 39_m1), suppressor of cytokine
signalling 3 (SOCS3, Mm00545913_s1), SOCS1 (Mm01342740_g1), NOX4
(MmO00479246_m1), and IL-10 (Mm0-0439614_m1). Gene expression was normalized to
GAPDH (Mm99999915 g1) and the relative quantity of mMRNAs was calculated based on
the comparative Ct method (Wu et al., 2015; Wu et al., 2014).
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We used gPCR to measure the expression of mmu-miR-155-5p. 10 ng of total RNA was
reverse transcribed using TagMan miRNA Reverse Transcription Kit (Applied Biosystems)
with miRNA-specific primers. Reverse transcription reaction products (1.5 pl) were used for
gPCR. Following TagMan miR Expression assays were used: mmu-miR-155-5p (002571)
and U6 snRNA (001973) (Applied Biosystems). gRT-PCR amplification was performed by
using cDNA TagMan Universal Master Mix 11 (Applied Biosystems). Reactions were
amplified and quantified using a 7900HT Fast Real-Time PCR System and the
corresponding software (Applied Biosystems). miR-155-5p expression was normalized to
U6 snRNA, and the relative quantity of miR-155-5p was calculated based on the
comparative Ct method (Sabirzhanov et al., 2016; Sabirzhanov et al., 2014).

2.9. Statistical analysis

All data as shown represent the mean+SEM. All statistical analyses were conducted by using
the GraphPad Prism Program, Version 3.02 for Windows (GraphPad Software;
RRID:SCR_002798) or SigmaPlot, version 12 (Systat Software; RRID:SCR_003210). BMS
and allodynia tests were analyzed using two-way ANOVA with repeated measures followed
by Student’s Newman—Keuls post hoc test. For multiple comparisons, one-way ANOVA was
performed followed by Student’s Newman—Keuls post hoc test for parametric (normality
and equal variance passed) data. A p value of <0.05 was considered statistically significant.

3. Results

3.1. SClinduces NOX2 expression predominantly in microglial/macrophages

To evaluate the effect of SCI on NOX2 dysregulation, we examined level of NOX2 protein
from 6 h to 28 d after contusion injury. Quantitative analysis of western blots (one-way
ANOVA followed by Newman—Keuls post hoc test, F(5,17)=52.74, p<0.0001) showed that
the expression of NOX2 was rapidly upregulated within 24 h (15 to 20 fold, p<0.001) in
injured spinal cord tissue (n=3-5 mice/time-point) compared with sham tissue (n=6),
remaining elevated for at least 14 days after SCI (p<0.05, Fig. 1A-B).

The level of NOX2 was also examined at the lesion site by IHC. In the intact spinal cord,
NOX2 positive cells were barely detected (data not shown). At 24h after SCI, the up-
regulation of NOX2 in the spinal cord was predominantly found in Iba-1* microglia/
macrophagy (Fig. 1C). Previous reports (Bermudez et al., 2016; Byrnes et al., 2011; Loane
et al., 2014) indicate that NOX2 expression in microglia/macrophagy assessed by IHC
remains upregulated for months after CNS injury. We assumed that chronic elevation of
NOX2 after SCI may contribute to long-term neurological dysfunction. IHC analysis showed
that NOX2*/Iba-1* cells remained significant increase (3 fold) up to 8 weeks post-injury
(n=5, two-tailed unpaired t-test, p<0.01, F(4,4)=2.4, Fig. 1D-E).

3.2. Genetic deletion or pharmacological inhibition of NOX2 limits SCl-induced
hyperesthesia and motor dysfunction

To test whether changes in NOX2 regulation are associated with nocifensive responses or
locomotor recovery after SCI, elimination of NOX2 gene in NOX2~/~ mice were assessed
weekly for locomotor function and mechanical/thermal hyperesthesia. Hindlimb locomotor
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function was assessed using the BMS. By day 7, the NOX2/~ mice (n=9) showed
significantly higher BMS scores than the WT mice (n=9, Fig. 2A; p<0.01), which persisted
through 42 d. The factor of Postinjury Days (F(9,288)=84.967; p<0.001) in BMS test was
found to be significant. The factor of Genotypes (F(3,288)=121.496; p<0.001) as well as the
interaction of Postinjury Days x Genotypes (F(27,288)=29.823; p<0.001; repeated measures
two-way ANOVA) were also significant. To quantify improvements in the areas of stepping
frequency, coordination, paw position, trunk stability, and tail position, the BMS subscore
was evaluated. NOX2~/~ mice demonstrated a recovery in more fine motor control, as shown
in the BMS subscore (Fig. 2B), with significant improvement at 14 d, which remained
through 42 d after injury. The factors of Postinjury Days (F(7,128)=19.736; p<0.001),
Genotypes (F(1,128)=47.676; p<0.001), and the interaction of Postinjury Days x Genotypes
(F(7,128)=3.829; p<0.001; repeated measures two way ANOVA) were found to be
significant. Therefore, mice lacking NOX2 have better functional recovery after SCI than the
WT mice.

Nocifensive behaviors were tested before the injury and at 27, 34, and 55 days post-injury
when mice regained adequate locomotor function to be able to withdraw a hindpaw from a
stimulus. No difference in mechanical threshold or response to thermal (hot) stimuli was
found between the genotypes before SCI. On days 2728 after SCI, the NOX2~/~ mice
(n=14) had a significantly higher mechanical/hot threshold than the WT mice (n=13),
indicating less cutaneous hypersensitivity, and these differences persisted to days 55-56
(p<0.01, two-way ANOVA with repeated measures followed by Student’s Newman-Keuls
post hoc analysis, Fig. 2C-D). Two way ANOVA analysis in the von Frey filament test
showed significant effects of Postinjury (F(3,81)=55.30; p<0.001) and Genotypes
(F(1,81)=18.919; p<0.001). The interaction of Postinjury x Genotypes (F(3,81)=1.786;
p=0.156) was not significant. In the thermal hyperalgesia test, the factors of Postinjury Days
(F(3,73)=22.531; p<0.001) and Genotypes (F(1,73)=19.254; p<0.001) were found to be
significant. However, the interaction of Postinjury Days x Genotypes (F(3,73)=2.710;
p=0.051) was not significant.

To examine the effect of inhibiting NOX2 on locomotor functional recovery in mice
contusion model, the C57BL/6 mice subjected to a moderate contusion SCI or sham
received an ip injection of NOX2ds-tat (5 mg/kg), a potent selective NOX2 inhibitor or
vehicle beginning at 3 hours post-injury and once daily for 7 days. By 1 week after injury,
NOX2ds-tat-treated mice (n=12) had significantly improved BMS scores compared with ds-
tat scrambled peptide (vehicle)-treated animals (n=13, p<0.001), which remained through 6
weeks after injury (Fig. 2E). The factor of Postinjury Days (F(7,322)=139.502; p<0.001) in
BMS test was found to be significant. The factor of Drug (F(3,322)=271.846; p<0.001) as
well as the interaction of Postinjury Days x Drug (F(21,322)=49.321; p<0.001; repeated
measures two-way ANOVA) were also significant. Furthermore, NOX2ds-tat-treated mice
demonstrated an improvement in the fine details of locomotion, as shown in the BMS
subscore (Fig. 2F), with a significant recovery at 21 d, which persisted through 42 d after
injury. The factors of Postinjury Days (F(7,184)=13.163; p<0.001), Drug (F(1,184)=34.469;
p<0.001), and the interaction of Postinjury Days x Drug (F(7,184)=3.732; p<0.001; repeated
measures two-way ANOVA) were found to be significant.

Brain Behav Immun. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sabirzhanov et al.

Page 9

There was no difference in mechanical/thermal threshold between the groups before the SCI.
On days 27-28 after SCI, NOX2ds-tat-treated mice (n=9) had a significantly higher
mechanical threshold than the vehicle treated mice (n=7, p<0.001), indicating less
mechanical cutaneous hypersensitivity, and these differences persisted to days 55-56
(p<0.01, Fig. 2G). The threshold for hot plate temperature was decreased in the vehicle
group, whereas NOX2ds-tat reversed the hot threshold to the basal level (p<0.001, Fig. 2H).
Two way ANOVA analysis in the von Frey filament test showed significant effects of
Postinjury (F(3,42)=66.136; p<0.001), Drug (F(1,42)=10.164; p=0.007), and the interaction
of Postinjury x Drug (F(3,42)=5.930; p=0.002). In the thermal stimulation test, the factors of
Postinjury Days (F(3,42)=32.053; p<0.001), Drug (F(1,42)=16.974; p=0.001), and the
interaction of Postinjury Days x Drug (F(3,42)=3.233; p=0.032) were found to be
significant.

3.3. Depletion of NOX2 increases the spared white matter area and surviving neurons at 8
weeks after SCI

To determine if the observed behavioral improvement may relate to increased amount of
spared WM, spinal cord sections from injured mice perfused at 8 weeks after SCI were
stained with LFB and the WM area was quantified at 200 pm intervals rostral and caudal to
the injury epicenter (EPI). Animals with NOX2 gene deletion showed significantly increased
WM sparing (two-tailed unpaired t-test between two groups, F(10,10)=1.886, p<0.0001).
Further multiple t tests indicated significantly differences of SWM at rostral and caudal to
the epicenter between two groups (Fig. 3A-B). Representative LFB-stained sections
illustrate the differences in SWM area between the NOX2~/~ mice and the WT mice.

Surviving neurons were also examined at 8 weeks after SCI (Fig. 3C-D). SCI resulted in
39% of neuronal cell loss (41.5 + 2.6 vs. 67.5 + 2.2 NeuN™ cells for SCI/WT and Sham/WT
samples, respectively. p<0.01), whereas depletion of NOX2 significantly improved neuronal
survival at 8 weeks after injury when compared with SCI/WT samples (Fig. 3C,57.6 £ 2.4
vs. 41.5 + 2.6 NeuN* cells for SCI/NOX2~/~ and SCI/WT samples, respectively. p<0.05).
The factor of Genotypes [F(3,20)=5.853, p=0.0049; one-way ANOVA followed by
Newman-Keuls post hoc test] was found to be significant. There was no difference in NeuN
* cells between Sham/WT and Sham/NOX2~/~ groups.

3.4. Deletion of NOX2 reduces macrophage infiltration and ROS production after SCI

After mid-thoracic SCI, rapid microglial hypertrophy and cytokine production are found
spreading well-below the injury, such as the lumbar enlargement (L4-5) where is directly
associated with hind-paw neuropathic pain (Detloff et al., 2008; Gwak et al., 2012; Peng et
al., 2006). Macrophages from the periphery and activated microglia appear in the spinal cord
between 12 and 24 hours after injury (Loane and Byrnes, 2010). Moreover, depletion of
NOX2 in mouse brain injury model robustly reduces pro-inflammatory signaling at 24 h
post-injury (Kumar et al., 2015; Kumar et al., 2016). Based on our pilot data, at 24h post-
injury, we then addressed whether the observed behavioral improvements in NOX2~/~ mice
related to the changes of microglia and macrophage infiltration at the lesion site and lumbar
spinal cord. Flow cytometry was performed in isolated CD11b* cells. When compared to
sham control levels (Sham/WT, n=5), SCI significantly increased the number of CD11b
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*CDA45N/F4/80" cells at lesion area at 24h post-injury (SCI/WT, n=6, p<0.01; Fig. 4A-B).
Deleting NOX2 reduced infiltrating macrophages by approximately 50% (SCI/KO, n=5,
p<0.05). The factor of Genotypes (F(3,17)=14.03; p<0.0001; one-way ANOVA followed by
Newman-Keuls post hoc test) was found to be significant. There was no genotype effect on
CD11b*/CD45M/F4/80* cells in Sham groups. Remarkably, these cells at the L4-5 were also
significantly reduced in NOX2~/~ mice (n=6, p<0.001, Fig. 4C), indicating that reduced
numbers of macrophages infiltrated the lumber spinal cord in NOX2~/~ SCI mice. The factor
of Genotypes (F(3,20)=12.48; p<0.0001; one-way ANOVA followed by Newman-Keuls
post hoc test) was found to be significant. However, CD11b*/CD45/" populations were
found no significant difference in both lesion area (Sham/WT: 37.4+12.4; Sham/KO:
45.7+£12.9; SCI/WT: 59.6£11.5; SCI/KO 47.1+£12.5; n=6/group) and lumbar 4/5 cord
(Sham/WT: 34.2+9.9; Sham/KO: 45.8+10.1; SCI/WT: 47.1+14.4; SCI/KO 40.5+12.8; n=6/
group) from WT and NOX2-/- (KO) sham and SCI mice at 1d post-injury. The factors of
Genotypes [Lesion area: F(3,20)=0.5532; p=0.6519; Lumber cord: F(3,20)=0.2445;
p=0.8642; one-way ANOVA followed by Newman—Keuls post hoc test] were not significant.

Chronic elevation of ROS after SCI may contribute to long-term neurological dysfunction
including pain maintenance. Thus, IHC was performed at 8 weeks post-injury after
completion of behavioral tests. The ROS production at both lesion area and the lumbar 4-5
spinal cord dorsal horns (LSDH) was assessed by IHC using 8-hydroxyguanine (8-OHG)
antibody (Bermudez et al., 2016; Kim et al., 2010) that detects oxidized nucleic acid, which
results from cellular ROS damage. Eight weeks after SCI, 8-OHG™ cells in Iba-1" microglia/
macrophage population were significantly increased at the lesion area [one-way ANOVA
followed by Newman—Keuls post hoc test, F(3,22)=19.08, p<0.0001] as well as LSDH
(F(3,23)=21.80, p<0.0001, n=8 mice in WT/SCI group) compared to Sham mice (n=7 mice
in Sham/WT group, Fig. 5A-B). The number of 8-OHG*/lba-1* cells significantly reduced
in the NOX2-/- mice (n=5 mice in SCI/NOX2 KO group, p<0.01) compared to WT/SCI
group, indicating reduced production of ROS. Some of the 8-OHG™" cells in the grey matter
were Iba-1- (arrowheads) from SCI mice (Fig. C).

3.5. NOX2 depletion attenuates M1-like activation and promotes M2-like activation

NOX2 is thought to regulate polarization mechanisms in microglia/macrophage (Choi et al.,
2012; Kumar et al., 2016). After CNS trauma, pro-inflammatory mediators peak at 24h post-
injury (Kumar et al., 2015; Loane and Byrnes, 2010). To test whether NOX2 drives a
neurotoxic M1-like neuroinflammatory response after SCI, we collected spinal cord tissue
(approximately 3 mm centered on the injury site) at 1 day post-injury to assess gene
expression profiles for selected M1-like activation markers. TNFa, IL-1B, and iNOS are
pro-inflammatory markers that can be produced by M1-polarized microglia/macrophages
(Kigerl et al., 2009). The IL-6 is the major pro-inflammatory cytokine produced by various
cells including activated microglia/macrophages (Wu et al., 2014). Fpr2 is G-protein coupled
receptor highly expressed in M1-polarized microglia/macrophages (Jablonski et al., 2015).
SClI significantly increased mRNA levels of TNFa, IL-1B, iINOS, IL-6, and Fpr2 in WT
mice when compared with levels in sham controls (n=6, p < 0.001; Fig. 6A). In contrast, SCI
in NOX2~/~ mice resulted in a significant reduction of all M1-likegenes mRNAs (n=7, p <
0.05 [TNFa., IL-6, IL-1pB, Fpr2], p < 0.001 [iNOS]), indicative of a reduced M1-like
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response in NOX2~/~ SCI mice when compared to WT SCI mice. The factors of Genotypes
[F(3,18)=58.08; p<0.0001 for TNFa; F(3,20)=27.91; p<0.0001 for IL-1B; F(3,15)=15.41;
p<0.0001 for iNOS; F(3,18)=16.86; p<0.0001 for IL-6; F(3,18)=13.18; p<0.0001 for Fpr2;
one-way ANOVA followed by Newman—Keuls post hoc test] were found to be significant.

We next evaluated alternative or M2-like activation responses after SCI. Ym1 is an
established marker of the IL-4—induced alternatively activated macrophage phenotype.
Macrophage-specific Argl functions as an inhibitor of inflammation. IL-4Ra is an
important modulator of 1L-4 and IL-13 receptor binding. SOCS3 is involved in repressing
the M1 proinflammatory phenotype, thereby deactivating inflammatory responses in
macrophages (Qin et al., 2012) and M2 macrophage highly expresses upregulated SOCS3
(Zhou et al., 2017). /n vitro, stimulation of macrophages with anti-inflammatory IL-10 leads
to the upregulation of SOCS3 (Gordon, 2003). Depletion of NOX2 causes robustly elevated
SOCS3 expression after TBI (Barrett et al., 2017). These genes are highly expressed by M2-
polarized microglia/macrophages and robustly elevated after CNS injury (Kigerl et al., 2009;
Kumar et al., 2015). mRNA analysis of M2-like markers revealed that SCI significantly
increased levels of Argl, SOCS3, and IL-4Ra expression in WT mice (n=5) when compared
to levels in sham controls (n=5, p < 0.001, Fig. 6B. One-way ANOVA followed by Student’s
Newman-Keuls post hoc). Ym1 mRNA levels were also significantly elevated in the
WT/SCI group compared to Sham mice analyzed by Mann Whitney test. Remarkably, SCI
in NOX2~/~ mice resulted in significantly increased expression levels of Ym1, Arg1,
SOCS3, and IL-4Ra mRNA [p < 0.01 (Ym1), p < 0.05 (Argl, IL-4Ra), and p < 0.001
(SOCS3)] when compared to levels in WT/SCI group. The factors of Genotypes
[F(3,18)=12.63; p=0.0001 for Ym1; F(3,13)=32.66; p<0.0001 for Argl; F(3,18)=78.82;
p<0.0001 for SOCS3; F(3,18)=29.81; p<0.0001 for IL-4Ra; one-way ANOVA followed by
Newman-Keuls post hoc test] were found to be significant.

As SOCS1 has been considered an anti-inflammatory “counterpart” to SOCS3, we also
examined SCOS1 expression at 1 day post-injury. Surprisingly, SCI caused significantly
decreased in SOCS1 expression in both WT (0.34+0.09, p<0.01) and NOX2~/~ mice
(0.55£0.12, p<0.05) compared to Sham/WT mice (1.06+0.16). The factor of Genotypes
(F(3,20)=5.232; p=0.0079; one-way ANOVA followed by Newman-Keuls post hoc test) was
significant. However, depletion of NOX2 (n=6) did not significantly alter SCOS1 expression
compared to SCI/WT mice (n=6).

Although robust changes of Argl and Ym1 at mRNA levels, their protein levels by western
blot were not detectable until 3 days post-injury. Based on prior work in TBI (Kumar et al.,
2016) and our pilot data in SCI, we assessed Ym1 and Argl protein levels in injured spinal
cord at 3 days post-injury. We observed significant increase in Ym1 and Argl level in
NOX2~/~ SCI mice (n=5) when compared to WT/SCI mice [n=5, p < 0.001 (Argl), p<0.01
(Ym1); Fig. 6C-E). The factors of Genotypes [F(3,17)=27.39; p<0.0001 for Argl;
F(3,17)=17.40; p<0.0001 for Ym1; one-way ANOVA followed by Newman—Keuls post hoc
test] were found to be significant. Taken together, these data demonstrate that NOX2
deficiency mitigates the M1-like response and promotes M2-like activation after SCI.
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The NOX4 isoform is also an early initiator of neuropathic pain following SCI (Im et al.,
2012). To determine if the observed reduced inflammatory response in NOX2~/~ mice may
relate to the decreased expression of NOX4, we examined NOX4 expression level at 1 day
post-injury. mRNA analysis revealed that SCI significantly increased levels of NOX4
expression in WT mice (n=6) when compared to levels in sham controls (n=6, p<0.01, Fig.
6F). In contrast, SCI in NOX2~/~ mice resulted in a significant reduction of NOX4 mRNA
(n=6, p<0.05). The factor of Genotypes (F(3,20)=6.179; p=0.0038; one-way ANOVA
followed by Newman—Keuls post hoc test) was found to be significant.

3.6. NOX2 deficiency alters IL-10/miR- 155 expression

IL-10 is a potent anti-inflammatory cytokine that is crucial for downregulation of pro-
inflammatory genes which are induced by Toll-like Receptor (TLR) signaling. Prior works
report (Barrett et al., 2017; Mukhamedshina et al., 2017) that CNS trauma increases IL-10
MRNA in the injured cortex or spinal cord during 1-7 days post-injury. Recently, IL-10 is
found significantly increased in microglia/macrophages in the injured brain of NOX2~/~
mice at 3-7 days (Barrett et al., 2017). Thus, we hypothesized that NOX2 deficiency alters
post-injury microglia/macrophage phenotypes towards beneficial M2-like activation through
enhanced IL-10 signaling. We then set out to evaluate genotype-related changes in 1L-10
expression in the injured spinal cord tissue at first week post-injury. IL-10 mRNA expression
was measured in lesion area of sham and SCI WT and NOX2~/~ mice at 1, 3, and 7 days
post-injury (Fig. 7A). IL-10 expression was significantly increased in WT and NOX27/~ SCI
mice compared to sham levels (n=6 mice/group) at 3 and 7 days post-injury. The factors of
Postinjury Days (F(3,18)=10.53; p=0.0003 in WT; F(3,18)=21.74; p<0.0001 in NOX27/~;
one-way ANOVA followed by Newman—Keuls post hoc test) were found to be significant.
Notably, there was a significant increase in I1L-10 expression in NOX2~~ SCI mice at 3 and
7 days when compared to WT SCI mice [n=5/group; p<0.01 (3 days); p<0.05 (7 days),
Mann Whitney two-tailed test].

After CNS trauma, proliferation and activation of CD11b* microglia/macrophages peak
between 3 and 7 days post-injury. Based on prior work in NOX2/TBI study (Barrett et al.,
2017), CD11b cells were isolated from injured spinal cord tissues at 3 d post-injury. SCI
significantly increased I1L-10 expression in the CD11b™ cells derived from SCI WT mice
compare to Sham/WT group (n=7 per group, p<0.001) (Fig. 7B). Notably, there was a
significant increase in 1L-10 expression in NOX2~/~ SCI mice compare to WT/SCI mice
(n=7 per group, p<0.001). The factor of Genotypes (F(3,24)=110.2; p<0.0001; one-way
ANOVA followed by Newman—Keuls post hoc test) was found to be significant. Together,
these data indicate that NOX2 deficiency results in a significant increase in IL-10 expression
in microglia/macrophages during the acute-subacute phase following SCI.

miR-155 is known to critically regulates inflammatory signaling in neurological disorders
(Gaudet et al., 2017) and depletion of miR-155 reduce inflammation and post-SCI tissue
damage (Gaudet et al., 2016). After CNS trauma, miR-155 expression is elevated in the
injured cortex or spinal cord at 1 and 7 days post-injury (Gaudet et al., 2016; Henry et al.,
2018). Studies also show that increased IL-10 inhibits potent pro-inflammatory miR-155
induction in response to lipopolysaccharides (LPS) stimulation (McCoy et al., 2010). Thus,
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we hypothesized that NOX2 deficiency reduces post-SCI neuroinflammation through
elevated IL-10 signaling leading to downregulated miR155 induction. To investigate the
potential role of NOX2 in the regulation of miR-155 level, we examined post-injury changes
in miR-155 expression in injured spinal cord tissue (Fig. 8A). In agreement with the prior
report (Gaudet et al., 2016), SCI in WT mice induced the rapid and robust increase of
miR-155 expression at 1 and 3 days (4-5-fold higher than uninjured; n=5-6/group).
miR-155 remained elevated at 7 days (5-fold; p<0.001, n=5). In the absence of NOX2, SCI
also caused elevation of miR-155. The factors of Postinjury Days (F(3,18)=11.54; p=0.0002
in WT; F(3,18)=6.012; p=0.0051 in NOX27/~; one-way ANOVA followed by Newman—
Keuls post hoc test) were found to be significant. Importantly, there was a significant
reduction in miR-155 expression in NOX2~/~ SCI mice (n=5-6/group) at all time-points
selected when compared to WT/SCI mice [p<0.05 (d1, d3); p<0.01 (d7); Mann Whitney
two-tailed test]. We also found reduced miR-155 expression in Sham/NOX2~/~ mice
compared to Sham/WT animals (p<0.05). Furthermore, miR-155 was upregulated in CD11b
* cells isolated form injured spinal cord tissues at 3 days post-injury (4.5-fold higher than
Sham/WT; p<0.001; Fig. 8B). Reduced miR-155 expression was confirmed in CD11b-
selective microglia/macrophages in the absence of NOX2. The factor of Genotypes
(F(3,27)=105; p<0.0001; one-way ANOVA followed by Newman-Keuls post hoc test) was
found to be significant [N=9 (Sham/WT), 8 (Sham/NOX2~/"), 7 (SCI/WT), and 7 (SCI/
NOX27/7) mice/group]. Therefore, reduced post-SCI inflammation in NOX2~/~ spinal cords
is associated with significant up-regulation of IL-10 and downregulation of miR-155.

4. Discussion

In the present study, we show that systemic administration of the specific NOX2 inhibitor
NOX2ds-tat or depletion of NOX2 attenuate the development of mechanical/thermal
cutaneous hypersensitivity and improve locomotor function following thoracic spinal cord
contusion in mice. NOX2™~ mice display reduced tissue damage and increased survival
neurons after SCI. Depletion of NOX2 reduces infiltrating macrophages, ROS production, as
well as expression levels of pro-inflammatory genes. Moreover, deleting NOX2 also
enhances the expression of anti-inflammatory genes and decreases elevation of pro-
inflammatory miR-155 in microglia/macrophages. Together, these data suggest an important
role for IL-10/miR-155 pathway in regulating NOX2-mediated SCI-dysfunction.

Among NOX family members, NOX2 is the most responsive to injury (von Leden et al.,
2016). Although increased NOX2* cells in injured spinal cord have been reported (Cooney
et al., 2014), no studies to date have systemically examined NOX2 protein expression after
SCI. NOX2 protein expression was robustly elevated as early as 6 h after SCI, after which
expression declined, but remained elevated through 28 days post-injury over sham-injured
tissue. Given large tissue total homogenate (3 mm centered on the injury site) and diluted
signaling by western blot, we did not observe a significant difference in NOX2 protein level
at 28 days post-injury. Consistent with previous reports (Bermudez et al., 2016; Byrnes et
al., 2011; Loane et al., 2014) that NOX2 expression remains upregulated for months after
CNS injury, using IHC, we show a significant increase of NOX2 in microglia/macrophages
in the lesion area at 8 weeks post-injury.
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In a mouse SCI model, central inhibition of NOX2 by a single intrathecal injection of
NOX2ds-tat immediately after injury improved locomotor functional recovery (Khayrullina
et al., 2015); however, this treatment paradigm did not reduce inflammation beyond 7 days.
Furthermore, no studies to date have been performed in SCI using a NOX2 knockout mouse
model. To investigate the effects of NOX2 on SCI-induced neurological dysfunction,
systemic NOX2 inhibition by NOX2 ds-tat ip injection or transgenic NOX2~~ mice were
applied. We found significant overall improvements in depletion or inhibition of NOX2 mice
compared with control animals. These improvements were significant by 7 days post-injury
and continued through 6 weeks. The NOX inhibitor apocynin has been shown to reduce SCI-
pain (Hassler et al., 2014), but it non-specifically inhibits the entire NOX family. No studies
to date have been performed in SCI-pain using a specific NOX2 inhibitor or NOX2~~ mice.
We observed reduced mechanical/thermal cutaneous hypersensitivity in NOX2ds-tat-treated
mice as compared to vehicle-treated animals, as well as in NOX2~/~ mice as compared to
their WT littermates. The degree of locomotor recovery after contusion SCI is highly
correlative with tissue pathology (Basso et al., 2006). Increased white matter sparing and the
number of survival neurons resulting from NOX2~/~ mice were found both rostral and
caudal to the lesion site, contributing to improved functional recovery. Thus, specific
targeting of NOX2 enzyme may provide an effective strategy for treating chronic pain as
well as motor dysfunction in SCI patients.

After SCI, both resident microglia and infiltrating peripheral immune cells, including
macrophages, contribute to pro-inflammatory processes and tissue damage at the lesion
epicenter (David and Kroner, 2011; Gensel and Zhang, 2015). Furthermore, inflammation
spreads past the lesion area through the lumbar cord after a thoracic SCI (Gwak et al., 2012;
Hansen et al., 2013). In addition, there is rapid pro-inflammatory macrophage infiltration (24
h) into the lumbar cord after mid-thoracic contusion (Norden et al., 2018; Schwab and
Bartholdi, 1996; Vargas and Barres, 2007). This is important because inflammation in these
segments not only impedes motor recovery but also mediates mechanical hypersensitivity
(Detloff et al., 2008; Hansen et al., 2013; Hulsebosch, 2008; Peng et al., 2006). Thus,
modulating inflammation within the lumbar microenvironment may provide an intervention
to potentiate the recovery of locomotion and limit the development of neuropathic pain.

After CNS trauma, NOX2 is highly expressed by infiltrating macrophages that are highly
inflammatory (Kumar et al., 2016; von Leden et al., 2016; Zhang et al., 2016). In the present
study, flow cytometry reveals that NOX2 deletion decreases the accumulation of CD11b*/
CD45Ni/F4/80* macrophages by 51% (T10) and 24% (L4-5) when compared to WT SCI
group, indicating robust reduction of macrophage infiltration in NOX2~/~ mice. Recent
studies (Barrett et al., 2017; Kim et al., 2010; Kumar et al., 2016) indicate that upregulation
of NOX2 contributes to macrophages ROS-mediated damage in neurotrauma. After CNS
injury, blood-brain barrier (BBB) permeability is increased up to weeks post-injury. NOX2
deficiency significantly reduces BBB disruption after focal cerebral ischemia (Liu et al.,
2011). In experimental autoimmune encephalomyelitis (EAE) /in vitro studies, NOX
inhibition with apocynin reduces BBB permeability seen in EAE (Choi et al., 2015; Seo et
al., 2016). After TBI (Kumar et al., 2016), NOX2~/~ mice display reduced microglia/
macrophage in the injured cortex. Thus, reduced accumulation of macrophage observed in
the NOX2~/~ SCI mice in the present study could be attributed to improved blood-spinal
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cord barrier disruption. Whether or not NOX2 deficiency alters infiltrated macrophage
proliferation after SCI is intriguing for further investigation. However, SCl-induced ROS
production can derive from both activated macrophages and microglia (Fleming et al.,
2006). Although no difference of CD11b*/CD45/" microglia in both lesion area and lumbar
4/5 cord from WT and NOX2~/~ sham and SCI mice at 1d post-injury, NOX2 deficiency
attenuates M1-like activation suggesting reduced activation of microglia/macrophages in
NOX2~/~ mice. Thus, reduced microglial activation and infiltrating macrophages observed
in the present study likely contribute to the reduction of ROS production in NOX2~/~ mice,
leading to improved recovery. In addition, SCI causes pathological changes in dorsal root
ganglia (DRG) (Chhaya et al., 2018; Ritter et al., 2015) where nociceptor cell bodies reside
and play an important role in the peripheral mechanism of sensation by primary afferent
neurons. NOX2-dependent ROS production in infiltrated macrophages at the DRG following
SCI may contribute to pain development. If depletion or inhibition of NOX2 alters
macrophages infiltration at DRG level is intriguing for future study.

We and others have shown the importance of phagocytic NOX2 in microglial/macrophages
activation and correlated production of pro-inflammatory factors, along with chronic
neuronal cell loss and associated neurological dysfunction after TBI or SCI (Cooney et al.,
2014; Khayrullina et al., 2015; Kumar et al., 2016; Loane et al., 2014; Loane et al., 2013;
Loane et al., 2009). Chronic and excessively M1-like activation in microglia can lead to
exacerbation of injury and progressive tissue destruction, whereas the M2-like microglial
activation serves to dampen the inflammatory response and promote tissue repair (Gordon,
2003; Lynch, 2009). Our data in a mouse SCI model indicate that increased NOX2 activity
after SCI drives M1-like activation that contributes to inflammatory-mediated neurological
dysfunction, and that NOX2 depletion results in enhanced expression of M2-anti-
inflammatory markers. Thus, depletion of NOX2 provides neuroprotection, in part by
altering M1-/M2-like balance towards the M2-like anti-neuroinflammatory response. SCI
also causes NOX4 upregulation acutely in glial cells (Bermudez et al., 2016; Cooney et al.,
2014; Im et al., 2012), which is known to play an important role in neuropathic pain (Im et
al., 2012). Consistent with prior reports (Bermudez et al., 2016; Cooney et al., 2014; Im et
al., 2012), we found elevated expression of NOX4 mRNA in both WT and NOX27/~ mice at
1 day post-injury. Depletion of NOX2 significantly reduces NOX4 mRNA level. Whether or
not NOX4 needs NOX2 to function efficiently is intriguing for future investigation.

Reduced microglia and infiltrating macrophages are likely major contributors to the anti-
inflammatory environment in the SCI tissue in NOX2~/~ mice. However, the underlying
mechanisms of NOX2 in the regulation of microglia/macrophages remain unclear. 1L-10 is a
potent anti-inflammatory cytokine and has been correlated with the downregulation of
macrophage and microglial activity (Abraham et al., 2004). The critical roles of IL-10 in
SCl is its reduction of the secondary inflammation (Thompson et al., 2013) leading to
improved recovery including neuropathic pain (Lau et al., 2012; Park et al., 2018; Plunkett et
al., 2001). Our recent study in mouse traumatic brain injury model demonstrates that IL-10
is significantly increased in microglia/macrophages in the injured cortex of NOX2~/~ mice
(Barrett et al., 2017). Here we show that IL-10 expression is increased in the injured spinal
cord of WT and NOX2~/~ SCI mice, and that this effect is significantly greater in NOX27/~
animals. Importantly, our gPCR analysis shows that IL-10 expression is approximately 50%
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higher in CD11b+ microglia/macrophages isolated from injured spinal cord tissue of
NOX2~/= SCI mice than that in WT SCI mice. Thus, in the absence of NOX2, there is
increased 1L-10 signaling, which in turn results in enhanced anti-inflammatory microglial/
macrophage activation.

Another important finding in this study is that we identify NOX2 regulation for miR-155
level. MiR-155 has been widely studied in inflammation, and its published potent pro-
inflammatory actions across immune cell types are unparalleled by any other miRNAs
(Gaudet et al., 2017). SCI triggers robust upregulation of miR-155 expression and its
deletion reduces inflammation and post-injury tissue damage (Gaudet et al., 2016). In the
present study, we demonstrate that SCI-mediated elevation of miR-155 expression is
significantly lower in NOX2~/~ animals than that in WT mice, and this effect is confirmed in
CD11b* microglia/macrophages isolated from injured spinal cord tissue. Moreover, studies
show that miR-155 expression doubles in response to LPS in I1L-10-deficient cells,
demonstrating that endogenous IL-10 can feed back on the system to keep miR-155
expression in check, highlighting an additional mechanism of IL-10 control on the pro-
inflammatory response (McCoy et al., 2010). Therefore, we speculate that NOX2 depletion-
mediated miR-155 reduction after SCI may result from increased 1L-10 signaling, with
reduced inflammation and improved recovery in NOX2~/~ mice.

The limitation of post-injury pain sensitivity assessed in the present study relates to use of
stimulus-evoked pain-like behaviors. However, understanding cortical mechanisms and the
modulation of pain processing by NOX2 may be more effectively addressed using non-
reflexive methods. Multiple outcome measures should be included in the future
investigation, such as Place Escape Avoidance Paradigm (PEAP) and Conditioned Place
Preference (CPP) that incorporate the motivational and affective aspects of pain relief
(Gregory et al., 2013; Tappe-Theodor and Kuner, 2014). The dose of NOX2ds-tat applied in
the present study was based on reported therapeutic effects in mice (Abais et al., 2013;
Kumar et al., 2016). Further optimization of drug concentration, therapeutic window, as well
as the route of administration will be needed. Gender-related differences after SCI have been
reported with regard to neurologic changes and post-traumatic neuropathic pain (Chan et al.,
2013; Datto et al., 2015; Farooque et al., 2006; Sipski et al., 2004). Inhibition of NOX2 by
apocynin, a non-specific NADPH oxidase inhibitor, improves locomotor functional recovery
in middle-aged female mice after SCI (Zhang et al., 2018). However, NOX2-related sex
differences have not been reported in CNS injury. Whether or not NOX2~/~ female mice
recover better than those in male animals after SCI is intriguing for next investigation.

In conclusion, we provide evidence that inhibiting or deleting NOX2 significantly improve
long-term locomotor function and limit mechanical/thermal cutaneous hypersensitivity after
SCI. Loss of NOX2 in NOX2~/~ mice reduces infiltrating macrophages and ROS production,
leading to reduced neurotoxic M1-like pro-inflammatory phenotype and to elevated M2-like
activation after SCI. Furthermore, depletion of NOX2 promotes I1L-10 expression, likely
contributing to reduced pro-inflammatory miR-155 level. Together, we attribute improved
functional recovery to the ability of NOX2 inhibition to drive an anti-inflammatory response
in the injured tissue that is likely mediated by IL-10/miR155 signaling.
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Highlights
. Inhibition of NOX2 alleviates post-SCI pain-related behavior and motor
dysfunction
. NOX2 deficiency alters microglial/macrophage activation

. NOX2~/~ reduces CD11b*/CD45M"/F4/80* macrophage infiltration and ROS
production

. NOX2 deficiency limits inflammation, possibly by modulating IL-10/
miR-155 signaling
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Figure 2.
NOX2 ablation or inhibition improves motor functional recovery and limits cutaneous

hypersensitivity after SCI. (A-D) Genetic deletion of NOX2 in NOX2~/~ mice increases
BMS scores (A) and subscore (B), and limits SCI-induced cutaneous hypersensitivity in Von
Frey mechanical (C) and thermal (D) stimulations. N=9-14 mice/group. **p<0.01,
***n<0.001 vs WT. (E-H) Inhibition of NOX2 by NOX2 ds-tat tat (5 mg/kg by ip)
beginning at 3 hours post-injury and once daily for 7 days increases BMS scores and
subscore (E-F) and limits mechanical/thermal cutaneous hypersensitivity (G-H) after SCI.
N=7-13 mice/group. **p<0.01, ***p<0.001 vs Scrambled vehicle.
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Figure 3.

NOX2 ablation protects against tissue damage induced by SCI. (A-B) Spared whiter matter
(SWM) at 8 weeks post-injury was assessed on LFB stained coronal sections. NOX2
deficiency increased spared tissue in the whiter matter at the epicenter (EPI) as well as
rostral or cordal to the EPI. Representative images encompassed the rostral (R, 0.8, 0.4 mm)
to caudal (C, 0.8, 0.4 mm) extent of the lesion from WT and NOX2~/~ group. *p < 0.05, **p
< 0.01 vs. WT. (C) Representative images of NeuN™ cells (green) in the ventral horns at 0.1
mm rostral to the EPI. (D) Quantification of NeuN™* cells showed significantly more neurons
survived in the gray matter of the NOX2~/~ mice compared to their WT littermates. N=5
(WT) and 6 (NOX27/7) mice. *p < 0.05, ***p < 0.001 vs. WT. Scale bar = 50pum.
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Depletion of NOX2 reduces macrophage infiltration at 24h after SCI. (A) Representative
histogram for CD11b*CD45NF4/80* cells at the lesion area. (B-C) Flow cytometry analysis
of CD11b*CD45NiF4/80* population in the lesion area and lumbar 4/5 cord from WT and
NOX2~/~ (KO) sham and SCI mice at 1d post-injury. N=5-6 mice/group. ***p<0.001 vs

WT/Sham; #p<0.01, ##p<0.001 vs WT/SCI.
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Figure 5.
Deletion of NOX2 reduces ROS production in Iba-1* cells at 8 weeks after SCI. (A-B) 8-

OHG"/Iba-1* cells were quantified at the lesion epicenter (A) and the lumbar spinal cord
horn (LSDH, B) after SCI. N=7 (Sham/WT), 6 (Sham/NOX2~/"), 8 (SCI/WT), and 5 (SCI/
NOX27/~) mice/group. ***p<0.001 vs WT/Sham; #*p<0.01, ##p<0.001 vs WT/SCI. (C)
Representative images for 8-OHG™ (red)/Iba-1* microglia/macrophage (green) in the dorsal
white matter at 0.2 mm rostral to the epicenter. Scale bar = 50 pm. Insets display high
magnification images from Sham and NOX2~/~ mice. Some of the 8-OHG™ cells in the grey
matter are Iba-1~ (arrowheads) from SCI mice.
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Figure 6.

NOX2 deficiency attenuates M1-like activation (A) and promotes M2-like activation (B) in
the injured tissue at 1d post-SCI. N=5-7 mice/group. ***p<0.001 vs WT/Sham; #p<0.05,
##p<0.01, ##p<0.001 vs WT/SCI. (C-E) NOX2 deficiency increases Arginasel (Argl) and
Ym1 protein expression in the injured spinal cord tissue at 3d post-SCI. (F) NOX27~ mice
displayed significant reduction of NOX4 mRNA at 24h post-injury. N=6 mice/group.
**p<0.01 vs WT/Sham; #p<0.05 vs WT/SCI.
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Figure 7.
NOX2 deficiency alters IL-10 expression after SCI. (A) IL-10 mMRNA expression was

measured in lesion area of sham and SCI WT and NOX2~/~ mice at 1, 3, and 7 days post-
injury. N=5-6 mice/group. *p<0.05, ***p<0.001 vs Sham/WT; #p<0.05, #p<0.01 vs
SCI/WT. (B) IL-10 expression in the isolated CD11b+ microglia/macrophage cells derived
from 3 days post-injury. N=6 mice/group. ***p<0.001 vs Sham/WT; ##p<0.001 vs SCI/WT.
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Figure 8.
NOX2 deficiency alters miR-155 expression after SCI. (A) miR-155 expression was

measured in lesion area of sham and SCI WT and NOX2~/~ mice at 1, 3, and 7 days post-
injury. N=5-6 mice/group. **p<0.01, ***p<0.001 vs Sham/WT; #p<0.05, #p<0.01 vs
SCI/WT. (B) miR-155 expression in the isolated CD11b* microglia/macrophage cells
derived from 3 days post-injury. N=9 (Sham/WT), 8 (Sham/NOX2~/-), 7 (SCI/WT), and 7
(SCI/NOX27/7) mice/group. ***p<0.001 vs Sham/WT; ##p<0.001 vs SCI/WT.

Brain Behav Immun. Author manuscript; available in PMC 2020 August 01.



	Abstract
	Introduction
	Materials and methods
	Animals, spinal cord injury, and drug treatment
	BMS for hind limbs locomotion
	Mechanical and thermal allodynia tests
	Western blot analysis
	Immunohistochemistry and quantitative image analysis
	Isolation of CD11b+ microglia/macrophages
	Flow cytometry analysis
	Quantitative PCR (qPCR) analysis
	Statistical analysis

	Results
	SCI induces NOX2 expression predominantly in microglial/macrophages
	Genetic deletion or pharmacological inhibition of NOX2 limits SCI-induced hyperesthesia and motor dysfunction
	Depletion of NOX2 increases the spared white matter area and surviving neurons at 8 weeks after SCI
	Deletion of NOX2 reduces macrophage infiltration and ROS production after SCI
	NOX2 depletion attenuates M1-like activation and promotes M2-like activation
	NOX2 deficiency alters IL-10/miR- 155 expression

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.

