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Inflammatory-astrogliosis exacerbates damage in the injured spinal cord and limits repair. Here we identify
Protease Activated Receptor 2 (PAR2) as an essential regulator of these events with mice lacking the PAR2
gene showing greater improvements in motor coordination and strength after compression-spinal cord injury
(SCI) compared to wild type littermates. Molecular profiling of the injury epicenter, and spinal segments above
and below, demonstrated that mice lacking PAR2 had significantly attenuated elevations in key hallmarks of
astrogliosis (glial fibrillary acidic protein (GFAP), vimentin and neurocan) and in expression of pro-
inflammatory cytokines (interleukin-6 (IL-6), tumor necrosis factor (TNF) and interleukin-1 beta (IL-1β)). SCI
in PAR2−/− mice was also accompanied by improved preservation of protein kinase C gamma (PKCγ)-
immunopositive corticospinal axons and reductions in GFAP-immunoreactivity, expression of the pro-
apoptotic marker BCL2-interacting mediator of cell death (BIM), and in signal transducer and activator of tran-
scription 3 (STAT3). The potential mechanistic link between PAR2, STAT3 and astrogliosis was further investigat-
ed in primary astrocytes to reveal that the SCI-related serine protease, neurosin (kallikrein 6) promotes IL-6
secretion in a PAR2 and STAT3-dependent manner. Data point to a signaling circuit in primary astrocytes in
which neurosin signaling at PAR2 promotes IL-6 secretion and canonical STAT3 signaling. IL-6 promotes expres-
sion of GFAP, vimentin, additional IL-6 and robust increases in both neurosin and PAR2, thereby driving the PAR2-
signaling circuit forward. Given the significant reductions in astrogliosis and inflammation as well as superior
neuromotor recovery observed in PAR2 knockout mice after SCI, we suggest that this receptor and its agonists
represent new drug targets to foster neuromotor recovery.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Astrogliosis and inflammation are integrated contributors to the cas-
cade of events occurring after spinal cord trauma.While certain compo-
nents of this cascade worsen tissue damage and limit wound healing,
other facets are essential to creating an environment favorable to repair.
SCI-provoked astroglial and inflammatory responses fit on this complex
continuum of injury and repair and this complicates targeted therapy.
For example, the SCI-associated astroglial scar limits secondary damage
by restricting inflammatory cell infiltration and providing mechanical
support (Pekny et al., 1999; Okada et al., 2006; Herrmann et al., 2008;
Wanner et al., 2013). In addition however, reactive astrocytes along
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with microglia and infiltrating macrophages secrete pro-inflammatory
cytokines that can injure sparred axons and oligodendroglia (Klusman
and Schwab, 1997; Kim et al., 2001; Okada et al., 2004; Wang et al.,
2005). Moreover, the compact glial scar creates a chemical and physical
barrier limiting regeneration of severed axons (Asher et al., 2001;
Bradbury et al., 2002; Silver and Miller, 2004; Okada et al., 2006;
Sofroniew, 2009). A better understanding of the molecular underpin-
nings of inflammatory-astrogliosis in SCI may enable selective targeting
to foster an environment ultimately conducive to wound healing and
compatible with emerging regenerative interventions.

Protease Activated Receptor 2 (PAR2) is a G-protein coupled recep-
tor (GPCR) playing fundamental roles in neural injury, including effects
across neurons, astrocytes and neuroinflammatory responses (Luo et al.,
2007), although its activities in SCI are essentially unknown. There are
four PARs (PARs1–4), each a classic seven transmembrane receptor.
PARs are unique, being activated by cleavage within their extracellular
domain to reveal a new amino-terminus that binds to the second extra-
cellular loop to elicit intracellular signaling (Ramachandran et al., 2012).
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Table 1
Real time PCR assays used to quantifymolecular changes in gene transcription in response
to experimental contusion–compression SCI. Primers were obtained from Integrated DNA
Technologies (IDT), or Applied Biosystems (AB), as indicated.

Gene Accession
number

Primer sequence forward/reverse

BIM NM_207680 Probe Assay ID: Mm.PT.56a.8950841.g (IDT)
GFAP NM_010277.2 GCAGATGAAGCCACCC

TGG/GAGGTCTGGCTTGGCCAC (IDT)
IL-6 NM_031168.1 Probe Assay ID: Mm00446190_m1 (AB)
IL-10 NM_010548.2 Probe Assay ID: Mm00439614_m1 (AB)
IL-1β NM_008361.3 Probe Assay ID: Mm.PT.51.17212823 (IDT)
Neurocan NM_007789.3 Probe Assay ID: Mm.PT.56a.10993411 (AB)
Neurosin (Klk6) NM_011177.2 CCTACCCTGGCAAGAT

CAC/GGATCCATCTGATATGAGTGC
PAR2 NM_010170.4 GCATTGAACATCACCACCTG

/GGATAGCCCTCTGCCTTTTC (IDT)
Rn18s NR_003278.3 Probe Assay ID: Mm03928990_g1 (AB)
TGF-β1 NM_011577.1 Probe Assay ID: Mm01178820_m1 (IDT)
TNF NM_013693.2 Probe Assay ID: Mm00443258_m1 (AB)
VIM NM_011701.4 Probe Assay ID: Mm.PT.53a.8720419 (IDT)
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PARs enable cells to respond, or to over respond, to rapid changes in the
proteolytic microenvironment occurring with CNS trauma, inflamma-
tion and blood brain barrier breakdown.

The role of PAR2 in neuropathogenesis is complex, depressing syn-
aptic activity in hippocampal slices (Gan et al., 2011) and exacerbating
neurotoxicity in vitro (Yoon et al., 2013) and in experimental autoim-
mune encephalomyelitis (Noorbakhsh et al., 2006). However, PAR2
serves a neuroprotective role in acute ischemic injury (Jin et al., 2005)
and in human immunodeficiency virus-elicited neuroinflammation
(Noorbakhsh et al., 2005). PAR2 activation also prevents ceramide-
induced astrocyte apoptosis (Wang et al., 2007). The role of PAR2 in in-
flammation is also context specific, with anti-inflammatory actions in
airways (Kouzaki et al., 2009) and intestine (Vergnolle et al., 2004),
but pro-inflammatory effects in adjuvant induced arthritis (Ferrell
et al., 2003), and allergic dermatitis (Kawagoe et al., 2002).

Given the unique position of PAR2 tomediate effects acrossmultiple
cell types in SCI, we sought to clarify its role and potential mechanismof
action by determining the impact of PAR2 gene deletion on functional
recovery and cellular andmolecular signs of pathogenesis inmurine ex-
perimental contusion–compression SCI. Complementary in vivo and
in vitro approaches demonstrate that PAR2 can be targeted genetically
to improve motor outcomes in SCI in part by limiting the canonical
interleukin 6 (IL-6)-signal transducer and activator of transcription 3
(STAT3)-dependent signaling axis and the deleterious effects of
inflammatory-astrogliosis.

2. Materials and methods

2.1. Experimental contusion–compression SCI

To investigate the role of PAR2 on neurobehavioral recovery after
spinal cord trauma, we generated experimental SCI in twelve-week
old (19–23 g) adult female PAR2+/+ or PAR2−/− (B6.Cg-F2rl1-
tm1Nwb) mice by application of a modified aneurysm clip (FEJOTATM

mouse clip, 8 g closing force) as previously described (Joshi and
Fehlings, 2002b; Yu and Fehlings, 2011; Radulovic et al., 2013). This
model generates a severe injury with high clinical relevance related in
part to the generation of an initial contusion as well as a persistent dor-
sal and ventral compression that results in a robust neuroinflammatory
response, astrogliosis and axon degeneration (Joshi and Fehlings, 2002a,
2002b; Yu and Fehlings, 2011). PAR2−/− mice were obtained from
Jackson Laboratories (Bar Harbor, ME), backcrossed to C57BL/6 mice
for more than 35 generations, and genotyped as described (Burda
et al., 2013; Yoon et al., 2013). Uninjured PAR2+/+ littermates served
as controls in each case. The main endpoints examined were 3, 7 or
30 days after SCI (dpi), corresponding to acute and more chronic pe-
riods post-lesion.

Prior to spinal cord compression injury, mice were deeply anesthe-
tized with Xylazine (0.125 mg/kg, Akom, Inc., Decatur, IL) and Ketaset
(1 mg/kg, Fort Dodge Animal Health, Fort Dodge, IA). A laminectomy
wasperformed and injury induced at the level of L1/L3 by extradural ap-
plication of the FEJOTA clip for a period of 1 min. After surgery, the skin
was repaired using AUTOCLIP (9 mm, BD Biosciences, San Jose, CA).
Before and after surgery, 1ml of salinewas administered subcutaneous-
ly to replace lost blood volume. Pain was minimized by administration
of Buprenorphine (0.05mg/kg, Hospira, Lake Forest, IL) subcutaneously
every 12 h for 96 h post-surgery. Food and water were available ad
libitum and cage temperatures maintained at 37 C. To avoid infection,
Baytril (10mg/kg, Bayer Health Care, ShawneeMission, KS)was admin-
istered intraperitoneally in a prophylactic fashion for the first 72 h post-
surgery. Bladders were manually voided twice daily until the endpoint
of each experiment. Any mice with signs of infection or which were
moribund were immediately euthanized and excluded from the study.
For all studies, mice were randomized with respect to genotype
prior to surgery and investigators participating in surgery and evalua-
tion of subsequent neurobehavioral or histological outcomes blinded
to genotype throughout the duration of the experiment. Animals were
housed in individual cages. All animal experiments were carried out
with careful attention to animal comfort and in strict adherence to
NIH Guidelines for animal care and safety. The Mayo Clinic Institutional
Animal Care and Use Committee approved these studies.

2.2. Expression of PAR2 in experimental SCI

To address the potential significance of PAR2 to pathogenesis during
the acute and more chronic periods after SCI, we determined the rela-
tive abundance of RNA expression for PAR2, and its CNS endogenous ag-
onist, neurosin in RNA isolated from the uninjured spinal cord, or in the
3 mm of spinal cord at the level of the injury epicenter, as well as in the
3 mm above or below the site of injury site, at 7 or 30 dpi (n = 4 per
time point). Neurosin is also commonly referred to as kallikrein 6
(Klk6) as well as Zyme, Protease M, or myelencephalon specific prote-
ase (MSP) (Scarisbrick and Blaber, 2012). Given the relatively low
amount of RNA obtained from sites of injury, particularly at the injury
epicenter and below at 30 dpi, samples from individual mice at a
given endpoint and injury level were pooled prior to RNA isolation
(Kendziorski et al., 2005; Radulovic et al., 2013). RNA was isolated
using RNA STAT-60 (Tel-Test, Friendswood, TX) and stored at −70 C
until the time of analysis. Amplification of the housekeeping gene 18S
in the same RNA samples was used to control for loading. Real-time
PCR amplification in each case was accomplished using primers obtain-
ed from Integrated DNA Technologies (Coralville, IA), or Applied
Biosystems (Grand Island, NY), as detailed in Table 1, on an iCycler
iQ5 system (BioRad, Hercules, CA).

2.3. Neurobehavioral outcome measures

All mice received training in the open field, ladder walk and incline
plane test prior to surgery. A baseline measurement for each mouse in
each assay was collected prior to surgery (0 dpi). The open field was
used to assess seven categories of locomotor recovery using the Basso
Mouse Scale (BMS), the day after surgery, and weekly thereafter until
30 dpi (Basso et al., 2006). Briefly, mice were placed in a plexiglass
enclosed open field and 2 observers evaluated ankle movement, plantar
placement, stepping, coordination, paw position, trunk stability and tail
position generating amaximumBMS score of 9 and a subscore of 0 to 11.

The ladderwalkwas used to evaluate sensorimotor coordination be-
tween the hind limbs and forelimbs (Cummings et al., 2007).Micewere
videotaped crossing a horizontal ladder fitted with an angled mirror to
view/record footfalls prior to surgery and on days 8, 15, 22 and 31 after
injury. 4 mm rungs of the ladder were spaced between 7.5 to 16 mm
apart creating “easy” or “hard” levels of difficulty that included the
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possibility of 51 or 30 positive events (correctly placed steps), respec-
tively. An independent observer evaluated the recorded steps without
knowledge of genotype. In each case, the left and right hind limbs
were scored for positive stepping events (plantar grasping, toe, skip),
or foot-faults (miss, drag, spasm) and averaged to calculate the total
number of positive events for each mouse.

The incline plane test was used to evaluate hind limb strength nec-
essary tomaintain a horizontal position on an inclined plane,with larger
angles associated with better functional recovery. The last angle that
each mouse could maintain stance for 5 s before turning was recorded
and averaged across 3 attempts (Joshi and Fehlings, 2002a). Incline
plane testing occurred after open field-testing weekly post-surgery
starting on day 7.

2.4. Evaluation of histopathological recovery

At the 32 day endpoint, mice were deeply anesthetized with pento-
barbital (100mg/kgNembutal, Abbott Laboratories, Chicago, IL) andper-
fused transcardially with 4% paraformalydehyde in phosphate buffered
saline (pH 7.2) with spinal cords cut into 3 mm transverse segments.
Five individual pieces encompassing the lesion epicenter, in addition to
2, 3 mm segments above and below, were embedded in a single paraffin
block. 6 μm sections were stained with hematoxylin and eosin (H&E) to
evaluate spinal cord gray or white matter area. In addition,
immunoperoxidase methods were used to quantify the expression of
the intermediate filament proteins, glial fibrillary acidic protein (GFAP,
Z0334 Dako, Carpenteria, CA) or the presence of macrophages/microglia
using an antibody recognizing Isolectin-B (Vector Laboratories, Inc.
Burlingame, CA). An antibody recognizing the gamma subunit of protein
kinase C (PKCγ sc-211 Santa Cruz, Dallas, TX) was used to evaluate the
functional status of corticospinal axons (Mori et al., 1990; Bradbury
et al., 2002; Lieu et al., 2013). Antigen staining in each case was carried
out in parallel across genotypes using standardmethods aswe have pre-
viously described (Scarisbrick et al., 2002, 2006b; Blaber et al., 2004;
Karimi-Abdolrezaee et al., 2010; Radulovic et al., 2013). Following incu-
bationwith primary antibodies, sectionswerewashed in PBS and species
appropriate AffiniPure F(ab′)2 fragment-specific biotin-conjugated
secondary antibodies (Jackson ImmunoResearch, West Grove, PA)
were applied for 1 h at RT. Antibody binding was visualized using HRP-
conjugated streptavidin with 3′,3′-diaminobenzadine tetrahydrochlo-
ride (DAB) as the substrate. Processing of tissue sections with primary
antibody replaced with normal serum was used to control for non-
specific binding of secondary antibodies.

Measurements of spinal cord tissue area and the relative optical den-
sity (ROD) of the antigens stained were made using the KS-400 image
analysis software (Carl Zeiss Vision, Hallbermoss, Germany)
(Scarisbrick et al., 1999). Stained tissue sections encompassing the spi-
nal injury epicenter and 2 segments above and below, were captured
digitally at 5× (Olympus BX51 microscope and DP72 camera equipped
with cellSens software 1.9 (Olympus, Center Valley, PA)), under con-
stant illumination. Area measurements of the entire spinal cord section
were made from H&E stained sections. ROD values determined for
each antigen at a given segmental level were expressed as a percent of
the total area measured. ROD values determined in each of the 2,
3 mm spinal segments examined above or below the injury epicenter
were very similar and therefore mean measurements were combined
for preparation of histograms and statistical analysis. A total of 9 spinal
cords from PAR2+/+ and 8 spinal cords from PAR2−/− mice with
SCI were stained and quantified. Four PAR2+/+ and 4 PAR2−/− unin-
jured controls were examined in parallel. Statistical differences between
groups were compared using OneWay ANOVA and the NK post hoc test,
with P b 0.05 considered statistically significant.

Immunofluorescence techniques were used to determine the associa-
tion of PAR2 or neurosin with astrocytes in the intact spinal cord and at
30 dpi. PAR2 was localized using a goat polyclonal antibody (sc-8205,
Santa Cruz, Santa Cruz CA) and neurosin using a rabbit polyclonal
antibody (Rb008) (Scarisbrick et al., 2012a; Radulovic et al., 2013). In
each case, antibody binding was visualized using a species appropriate
Alexa Fluor 488-conjugated secondary antibody (Jackson Immuno-
Research, West Grove, PA). GFAP was localized in the same tissue section
using a CY3-conjugated GFAP antibody (C9206, Sigma, St. Louis, MO). All
sectionswere counterstainedwith 4′,6-diamidino-2-phenylindole (DAPI)
and imaged at 80× using an inverted laser scanning confocal microscope
(LSM 780, Carl Zeiss Microscopy, LLC., Thornwood, NY).

2.5. Evaluation of molecular signatures of injury and repair

2.5.1. Protein expression
The impact of PAR2 gene deletion on SCI-induced astroglial scar

formation as estimated by the expression of astroglial intermediate
filament proteins, GFAP and vimentin, known to play key roles in forma-
tion of the glial scar (Wilhelmsson et al., 2004) were examined at the
level of the injury epicenter, above and below at 3 and 30 dpi at a pro-
tein level using Western blot. In addition, given the well-established
contribution of STAT3 to SCI-induced astrogliosis, its activation status
was also examined in parallel to gain insight into the potential signaling
pathways involved. To facilitate protein isolation, the 3 mm of spinal
cord at a given segmental level (above, epicenter or below), from 3 to
4 mice at each of the 3 or 30 day time points, was homogenized collec-
tively in radio-immunoprecipitation assay buffer. Protein samples
(25 μg) from PAR2+/+ or PAR2−/− mice were resolved in parallel
by electrophoresis on 10% to 12.5% SDS-PAGE gels (Bio-Rad Laborato-
ries, Hercules, CA) and electroblotted onto nitrocellulose membranes.
Multiplemembraneswere used to sequentially probe for antigens of in-
terest, including GFAP (ab7260, Abcam, Cambridge, MA), vimentin
(10366-1-AP, Proteintech, Chicago, IL), the phosphorylated or total pro-
tein forms of STAT3 (sc-8059, sc-8019, Santa Cruz, Santa Cruz, CA,) or
BCL2-interacting mediator of cell death (BIM (2819S, Cell Signaling,
Boston, MA)). All Western blots were re-probed with an antibody rec-
ognizing β-actin (NB600-501, Novus Biologicals, Littleton, CO) to con-
trol for loading. Signal for each protein of interest in samples derived
from PAR2+/+ or PAR2−/− mice were detected on the same film
using species appropriate horseradish peroxidase-conjugated second-
ary antibodies (GE Healthcare, Buckinghamshier, UK) and chemilumi-
nescent techniques (Pierce, Rockford, IL). Films were scanned and the
RODof bands in each casewas determined using Image Lab 2.0 software
(Bio-Rad Laboratories). The RODof each protein of interest was normal-
ized to the ROD of actin detected on the samemembrane and themean
and s.e. of these rawvalues across 3 to 4 separateWestern blots used for
analysis of the significance of the changes observed and for preparation
of histograms.

2.5.2. RNA transcription
To determine the potential impact of PAR2 gene deletion onmolecu-

lar signatures of SCI and repair at the level of gene transcription,we used
real time PCR analysis of changes in cytokine, structural protein and ap-
optosismarker levels using real time PCR in spinal segments at the injury
epicenter, above or below as described above. The specific probes and
primers used to evaluate astrogliosis (GFAP, vimentin or neurocan), cy-
tokines (TNF, IL-1β, IL-6, TGF-β1 or IL-10), and the pro-apoptoticmarker
BCL2-interacting mediator of cell death (BIM), are provided in Table 1
(Kendziorski et al., 2005; Radulovic et al., 2013). In the case of each
gene of interest, samples from uninjured PAR2+/+ or PAR2−/− mice
at a given time point, or segmental level, were amplified in parallel.

Statistical comparisons of changes in RNA transcription observed at
the injury epicenter, as well as above and below, were made relative
to that seen in the spinal cord of uninjured genotyped matched mice.
In addition, potential differences in the baseline levels of each gene of
interest in the uninjured spinal cord between PAR2+/+ and
PAR2−/− mice were examined. To facilitate interpretation of the
data, histograms are presented to show injury-induced transcriptional
changes expressed as a percent of the uninjured control of the same
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genotype. However, to visualize any transcriptional-specific differences
between PAR2+/+ and PAR2−/− uninjured mice, gene transcript
levels in PAR2−/− uninjured mice are presented as a percent of that
observed in PAR2+/+ uninjured spinal cords.
2.6. Astroglial cultures

Cultures of primary astrocytes derived fromPAR2+/+or PAR2−/−
mice were used to critically evaluate the role of PAR2 in regulating the
expression of key features of astrogliosis and the potential signal trans-
duction pathway(s) involved. Primary astrocytes were purified from
mixed glial cultures prepared from the cortices of postnatal day 1
mice as we have previously described (Scarisbrick et al., 2012a; Burda
et al., 2013; Yoon et al., 2013). Mixed glial cultures were grown in
media containing DMEM, 2 mM Glutamax, 1 mM sodium pyruvate,
20mMHEPES, and 10%heat inactivated fetal calf serum(Atlanta Biolog-
icals, Lawrenceville, GA). Purified astrocytes were obtained from
10 days in vitro mixed cultures by overnight shaking to remove oligo-
dendrocyte progenitor cells and sequential panning on non-tissue cul-
ture treated plastic to eliminate microglia. The remaining bed of
astrocyteswas greater than 95% pure based on immunoreactivity for al-
dehyde dehydrogenase 1 family member L1 (ALDH1L1, ab87117,
Abcam, Cambridge, MA, not shown). Astrocytes were trypsinized and
plated across poly-L-lysine (Sigma, St. Louis, MO) coated 6 well plates
in the same media at a density of 4.5 × 105 cells per well. Twenty-four
hours later,mediawere replacedwith definedNeurobasal Amedia con-
taining 1% N2, 2% B27, 50 U/ml penicillin/streptomycin, 2 mM
Glutamax, 1 mM sodium pyruvate, 0.45% glucose, and 50 μM β-
mercaptoethanol (Sigma Aldrich, USA). All cells were maintained at
37 °C in 95% air and 5% CO2, and all cell culture experiments were re-
peated independently at least 3 times.

Purified cultures of PAR2+/+ astrocytes were used to determine
the relative impact of the PAR2 agonist neurosin (Klk6, 150 nM), or
the astrocyte-related pro-inflammatory cytokine IL-6 (20 ng/ml, Na-
tional Cancer Institute, Frederick, MD), on the expression of GFAP,
vimentin, or IL-6 RNA using quantitative real time PCR as described
above (Table 1). Neurosin was expressed, purified and activated as we
have previously described in detail (Scarisbrick et al., 2012a; Burda
et al., 2013). To gain insight into a potential regulatory network be-
tween IL-6 and the PAR2 signaling axis, we also determined any impact
on the expression of PAR2 and neurosin RNA. Astrocyte cultures were
treated in triplicate for 24 h and RNA was isolated and amplified as de-
scribed above. In addition, culture supernatantswere collected and snap
frozen to determine any impact on IL-6 secretion using Enzyme Linked
Immunosorbant Assay (ELISA) according to the manufacturer instruc-
tions (eBioscience, San Diego, CA).

The role of PAR2 in regulating neurosin-mediated IL-6 secretion and
the potential involvement of STAT3 were investigated in primary cul-
tures of astrocytes derived from PAR2+/+ or PAR2−/−mice. In addi-
tion,we evaluatedwhether neurosin-elicited IL-6 secretionwasblocked
by a small molecule inhibitor of STAT3 (Stattic, 5 or 20 μM, Tocris Biosci-
ence, Minneapolis, MN) or mitogen-activated protein kinase (MAPK)/
ERK (MEK1/2) (U0126, 150 μM, Tocris Bioscience). Cultures were pre-
treated with inhibitors for 1 h prior to application of neurosin and su-
pernatants collected 24 h later for examination of IL-6 secretion.
Alternatively, cultures were harvested into radio-immunoprecipitation
Fig. 1. The expression of PAR2 and neurosin (Klk6) are elevated in response to contusion–comp
cord of uninjured control (C) PAR2+/+mice, or at the level of the injury epicenter (E), above (A
In PAR2+/+mice, co-ordinate elevations were seen in the SCI-related secreted serine protease
et al., 2013). By contrast, in mice lacking the PAR2 gene, significant elevations in neurosin in re
detected). Photomicrographs show co-localization of PAR2 and GFAP (E), or neurosin and GFA
creases in GFAP-positive cells co-labeled for PAR2 or neurosin were observed at 30 dpi and a s
assay buffer for quantification of STAT3 activation by Western blot as
described above.

2.7. Statistical analysis

Statistical significance in the case of histological and molecular out-
comes across multiple groups was evaluated using One Way Analysis
of Variance (ANOVA) with the NK post-hoc test or non-parametric
ANOVA on RANKS with Dunn's test. Statistical differences between
two groups were determined with Students t-test or Mann–Whitney
U for non-parametric data. To evaluate the impact of genotype on func-
tional outcomes over time after injury, BMS scores and subscores, ladder
walk and incline plane assessments were analyzed using a Two-Way
Repeated Measures ANOVA with fixed effects and the Newman Keuls
(NK) post-hoc. All data are presented as mean ± standard error of the
mean (s.e.). In all cases, P b 0.05 was considered statistically significant.

3. Results

3.1. Experimental murine SCI induces transcriptional elevations in RNA
encoding PAR2 and its agonist, neurosin, in wild type but not PAR2 gene
deficit mice

To determine the contribution of PAR2 to the pathogenesis of trau-
matic SCI, we quantified changes in PAR2 RNA at the injury epicenter
and in segments above and below at 7 and 30 dpi (Fig. 1, A–B). At the
level of injury, PAR2 RNA was increased by 2.8 to 3-fold at 7 dpi and
30 dpi (P b 0.001, NK). PAR2 was also significantly elevated above the
epicenter (3.1-fold) at 30 dpi (P b 0.001, NK). Below the epicenter,
PAR2 RNA was increased by 1.8-fold at 7 dpi, but reduced nearly 5-
fold by 30 dpi (P ≤ 0.002, NK).

The level of the PAR2 agonist neurosin (Klk6) was also determined
at 7 and 30 dpi (Fig. 1, C–D). In PAR2+/+ mice, neurosin RNA levels
were elevated 1.7-fold above the epicenter at 7 dpi and 2-fold above
the epicenter and below by 30 dpi (P ≤ 0.01, NK). In mice lacking the
PAR2 gene, neurosin RNA levels at baselinewere 1.5-fold higher relative
to uninjured PAR2+/+ mice (P = 0.03, NK). Contrasting the increases
seen in neurosin RNA expression after SCI in PAR2+/+mice,mice lack-
ing the PAR2 gene showed no significant changes in neurosin at 7 or
30 dpi.

To assesswhether PAR2 is directly associatedwith astrocytes,we ex-
amined co-localization of PAR2 and GFAP in the uninjured spinal cord
and within the SCI epicenter at 30 dpi using immunofluorescence (IF)
techniques (Fig. 1E). In the intact adult spinal cord, levels of PAR2-IF
were overall low appearing most dense in association with the luminal
surface of blood vessels rather than astrocytes. Neurosin was expressed
by a subset of GFAP-IF astrocytes in the intact spinal cord (Fig. 1F) as
previously described (Scarisbrick et al., 2006b). The number of astro-
cytes immunoreactive for both GFAP and PAR2, or for GFAP and
neurosin, was increased at 30 dpi.

3.2. PAR2 gene deletion is associated with improved motor recovery after
SCI

Before injury, wild type and PAR2−/−mice displayed identical pat-
terns of motor activity in the open field test, on ladder walk, and in the
incline plane test (Fig. 2, A–E). The day following contusion–compression
ression SCI. Histograms show transcriptional changes in RNA encoding PAR2 in the spinal
), or below (B), at 7 and 30dpi (A, B). PAR2 RNAwas not detected (ND) in PAR2−/−mice.
neurosin, already established to activate nervous system PAR2 (Vandell et al., 2008; Yoon
sponse to SCI were not observed (C, D). (*P b 0.03; **P = 0.009, ***P ≤ 0.001 NK; ND, not
P (F), in the uninjured spinal cord (Control) and within the injury epicenter at 30 dpi. In-
election of double labeled cells in each case is shown at arrowheads (Scale bar = 20 um).
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injury, both groups were equally impaired in the open field test with a
mean BMS score of 1.2 ± 0.1 in PAR2+/+ and 1.4 ± 0.1 in PAR2−/−
mice. Across both groups mice began to show significant improvements
in BMS scores by 7 dpi, with progressive increases thereafter. Recovery in
BMS scores in PAR2−/− mice was significantly higher than PAR2+/+
mice at 7 dpi through 30 dpi (P ≤ 0.04, NK). At the 30 day endpoint,
BMS scores in PAR2−/− were an average of 2.1 points higher than
their wild type littermates. Improvements in BMS subscores were first
observed in both groups by 14 dpi, with those in PAR2−/− significantly
higher than those in PAR2+/+mice from14dpi onward (P b 0.001, NK).
At the 30 day endpoint, BMS subscores in PAR2−/−were an average of
3.4 points higher than their wild type littermates.

Significant improvements in the easy ladder walk test were ob-
served by 15 dpi, with PAR2−/− mice showing significantly higher
levels of recovery at this time point, as well as at 22, and 31 dpi
(P ≤ 0.02, NK). Significant improvements in the hard ladder walk test
were observed by 8 dpi with PAR2−/− mice achieving a higher num-
ber of positive events (P = 0.006, NK). Enhanced recovery on the hard
ladder walk test continued when evaluated on days 15, 22 and 31
(P b 0.05, NK). Significant improvements in the Incline plane test
(over those observed at 7 dpi) were observed in both PAR2 +/+ and
PAR2−/−mice by 14 dpi, with significantly higher mean maximal an-
gles achieved by PAR2−/− over wild typemice at 30 dpi (P ≤ 0.04, NK).
3.3. PAR2 gene deletion is associated with improvements in neuropathologi-
cal outcomes

Spinal cord areas in intact mice and after SCI were quantified in H&E
stained sections at the level of the injury epicenter, above and below at
the 32 day endpoint of each experiment (Fig. 3). As expected, compres-
sion injury resulted in 2 to 3-fold reductions in spinal cord area at the
level of the injury epicenter and below (P b 0.001, NK). In this model,
there were no significant changes in spinal cord areas above the injury
epicenter at 32 dpi. There was a 62% decrease in mean spinal cord
area at the level of the lesion epicenter 32 dpi in PAR2+/+ relative to
intact mice. Loss of spinal cord tissue at the level of the injury epicenter
was reduced inmice lacking the PAR2 gene (44%decrease inmean area)
a significant improvement in tissue sparring relative to their wild type
littermates (P = 0.04). There were no differences is spinal cord tissue
loss below the injury epicenter between PAR2+/+ and PAR2−/−
mice.

To determine whether the absence of PAR2 impacted inflammatory
astrogliosis at a neuropathological level, we quantified immunoreactiv-
ity (IR) for GFAP and for Isolectin B as a marker of activated microglia
and infiltrating monocytes at the 32 day endpoint of each experiment
(Fig. 3 J to U). As expected, GFAP-IR in wild type mice was increased 2
to 3-fold in response to compression SCI in the injury epicenter, above
and below (P b 0.001, NK). Elevations were also observed in GFAP-IR
in PAR2−/− mice in the injury epicenter, but these did not reach the
level of statistical significance and were significantly lower than those
observed in wild type mice (P b 0.001). In both wild type and
PAR2−/− mice at 32 dpi, immunoreactivity for Isolectin B remained
significantly elevated in the injury epicenter (up to 28-fold). Elevations
in Isolectin B also persisted below the level of injury in wild type mice
(9-fold) relative to that in the uninjured spinal cord, but not in
PAR2−/− mice (P = 0.004). Finally, we examined PKCγ-IR within
the corticospinal tract as a marker of the functional status of this de-
scending motor pathway (Fig. 3 V to Z) (Mori et al., 1990; Bradbury
et al., 2002; Karimi-Abdolrezaee et al., 2010; Lieu et al., 2013). PKCγ-
IRwas significantly reduced in spinal segments above and below the le-
sion epicenter in PAR2+/+ mice (P b 0.001, NK). Smaller injury-
associated-reductions in PKCγ were observed in PAR2−/− relative to
PAR2+/+ mice above the level of injury (P ≤ 0.04, NK). Within the le-
sion epicenter, axons immunoreactive for PKCγ were below the detec-
tion limit of our assay at 32 dpi in both wild type and PAR2−/− mice.
3.4. PAR2 gene deletion reduces key hallmarks of SCI-driven astrogliosis
in vivo

QuantitativeWestern blot approaches were used to further evaluate
the impact of PAR2 gene deletion onmolecular hallmarks of astrogliosis,
including GFAP and vimentin (Lepekhin et al., 2001; Pekny and Pekna,
2004;Wilhelmsson et al., 2004) after SCI at 3 and 30 dpi and the poten-
tial signaling pathways involved (Fig. 4). As expected, substantial eleva-
tions in GFAP protein were observed after SCI with themost prominent
elevations occurring at the injury epicenter and below at acute stages
(3 dpi), and at the injury epicenter and above at the chronic 30 dpi
end point (P ≤ 0.01, NK). The observed elevations in GFAP protein in
the injury epicenter and below at 3 dpi in PAR2+/+ mice were
completely absent in mice lacking PAR2 (P ≤ 0.001, NK). Protein levels
of vimentin, another intermediate filament protein involved in
astrogliosis, were below the detection limit of theWestern in the unin-
jured spinal cord and at 3 dpi (Fig. 4). Vimentin is highly expressed in
the developing nervous system, down regulated postnatally and re-
expressed after SCI (Wilhelmsson et al., 2004). Elevations in vimentin
protein were evident 30 dpi when significant increases were observed
at the level of the injury epicenter (75-fold) and below (35-fold) in
PAR2+/+mice (P ≤ 0.01, NK). Elevations in vimentin protein observed
at 30 dpi in wild type mice were absent at all levels of SCI examined in
PAR2−/− mice.

Signal transducer and activator of transcription 3 (STAT3) is a signal
transduction pathway known to participate in the response of the CNS
to injury, including inflammation (Kim et al., 2002; Dominguez et al.,
2010) and astrogliosis (Okada et al., 2006; Herrmann et al., 2008).
Given the impact of PAR2−/− in reducing both inflammation and
astrogliosis after SCI we evaluated whether STAT3 signaling may also
be impacted. As expected, levels of activated STAT3 were elevated in
PAR2+/+ mice at 3 and 30 dpi (P ≤ 0.01, NK, Fig. 4). Elevated levels
of activated STAT3 observed below the epicenter at 3 dpi, and at the in-
jury epicenter 30 dpi, were reduced in mice lacking PAR2 (P ≤ 0.001
NK). In addition, elevations in total STAT3 seen at the injury epicenter
and below at 30 dpi were completely blocked in mice PAR2 lacking
the PAR2 gene (P b 0.05, NK).
3.5. PAR2 regulates molecular signatures of inflammatory-astrogliosis and
apoptosis in experimental traumatic SCI

3.5.1. Astroglial-associated RNA transcription
The impact of PAR2 gene deletion on SCI-induced astrogliosis was

further evaluated by determining changes in gene transcription for
GFAP, vimentin and neurocan (Fig. 5 A–C). Among the key indices ex-
amined, the intermediate filament protein vimentin was transcription-
ally most dynamic reaching levels more than 30-fold higher than
uninjured controls in the injury epicenter 30 dpi (P ≤ 0.001NK). Parallel,
albeit lower elevations in vimentin transcription were seen at the same
time points above and below the level of injury, where increases were
5- to 10-fold that in the intact spinal cord.Mice lacking PAR2 showed re-
duced elevations in vimentin RNA expression relative to PAR2+/+
mice (P ≤ 0.001, NK).

As expected, GFAP RNAwas elevated in response to spinal cord con-
tusion–compression injury, with significant increases across the levels
of injury examined reaching 2- to 3-fold that in the intact spinal cord
30 dpi (P ≤ 0.001 NK, Fig. 5A). Elevations in GFAP were also observed
at 30 dpi in PAR2−/− mice at each level except in segments above
the injury epicenter.

Moderate (1.3-fold) elevations in neurocan RNA were observed
above the SCI epicenter in PAR2+/+ mice at 30 dpi (P = 0.04, NK)
and these increases were attenuated in mice lacking PAR2 (P = 0.02,
NK, Fig. 5C). While neurocan was elevated in spinal segments above
the site of injury in PAR2+/+ mice, it was expressed at lower than
baseline levels in the injury epicenter and below in PAR2+/+ and



Fig. 2. PAR2 gene deficient mice show improved locomotor recovery after experimental contusion–compression SCI. (A) Basso Mouse Scale (BMS) scores evaluated in PAR2+/+ and
PAR2−/− mice from 0 to 31 days after SCI, demonstrate significant improvements in over-ground locomotion. Significantly higher levels of recovery on the BMS were observed in
PAR2−/− mice at 7 dpi (P = 0.045) and at each time point thereafter (P b 0.001). (B) BMS subscores were significantly higher in PAR2−/− compared to PAR2+/+ mice starting on
14 dpi and continuing through the last time point examined (P b 0.001). (C, D) Improvements in stepping accuracy in the easy and hard rung spacing ladder walk tests were observed
by 15 dpi and persisted when examined at 22 and 31 dpi. Improvements in ladder walk accuracy were also observed at 8 dpi in PAR2−/− relative to PAR2+/+ mice in the hard set up.
(E) PAR2−/−mice showed significantly better motor strength in the incline plane test at 30 dpi relative to that observed in PAR2+/+mice. Data shown represents the mean and standard
error of results obtained across two independent experiments, PAR2+/+, n = 17; PAR2−/− n= 20. (TwoWay Repeated Measures ANOVA, NK *P b 0.05, **P ≤ .008, ***P b 0.001).
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PAR2−/− mice. Neurocan expression levels in the intact spinal cord
were higher in PAR2−/− compared to PAR2+/+mice (P b 0.01, NK).

3.5.2. Apoptosis-associated RNA transcription and Protein Expression
Substantial elevations in the pro-apoptotic signaling protein BIM

were observed in response to contusion–compression spinal cord injury
with levels reaching 3 to 8-fold that observed in the intact spinal cord
30 dpi (P ≤ 0.001 NK, Fig. 5F). Mice lacking the PAR2 gene showed sub-
stantially lower levels of BIM induction above the SCI at the injury epi-
center and above (P ≤ 0.002, NK) 30 dpi. BIM protein levels were also
highly elevated at 30 dpi in the injury epicenter and below and these
changes were significantly reduced in mice lacking PAR2 (P ≤ 0.02,
NK, Fig. 5D and E).

3.5.3. Cytokine RNA transcription
Pro- and anti-inflammatory cytokines are altered at sites of CNS injury

due to changes in expression by astrocytes andmicroglia, as well as infil-
trating immune cells and neurons in some cases (Bastien and Lacroix,
2014) and their possible contribution to improved neurobehavioral
recovery after SCI in PAR2−/− mice was examined using quantitative
real time PCR (Fig. 6). Across the cytokines examined, which included 3
different pro-inflammatory cytokines (TNF, IL1-β and IL-6), and 2 gener-
ally anti-inflammatory cytokines (TGF-β and IL-10), the greatest in-
creases in RNA transcription observed occurred at the level of the injury
epicenter with smaller elevations above and below. The magnitude of
changes in cytokine expression in PAR2−/− mice was overall reduced
relative to that observed in PAR2+/+ mice. In the uninjured spinal
cord, no significant differences in cytokine expression were observed as
a result of PAR2 gene deletion.

Themost dynamic changes in cytokine RNA expression relative to the
uninjured spinal cord were observed for IL1-βwhich was 59-fold higher
in the SCI epicenter of PAR2+/+ mice relative to uninjured cord at
30 dpi, respectively (P b 0.001, NK, Fig. 6B). Transcriptional elevations in
IL1-β were attenuated in PAR2−/− mice with 3-fold lower elevations
in the injury epicenter (P b 0.001, NK). Elevations in IL1-β above the inju-
ry site were also reduced in PAR2−/−mice (P b 0.001, NK).

The expression of TNF RNA at the SCI epicenter in PAR2+/+ mice
was highly elevated at 30 dpi (28-fold) (P b 0.001, NK, Fig. 6A).



Fig. 3. PAR2 gene deletion is associated with reduced inflammatory astrogliosis, tissue sparring and greater preservation of PKCγ-immunopositive corticospinal tract axons after experi-
mental contusion–compression SCI. Photomicrographs and associated histograms showmeasurements of spinal cord areas taken fromH&E stained sections (A to I), or the percent of spi-
nal cord area immunoreactive forGFAP (J toN), or Isolectin B-IR (IsoB)microglia/macrophages (Q to U), at the 32day endpoint of each experiment. In addition, the % area at the base of the
dorsal columnwhitematter stained for PKCγ, as ameasure of corticospinal axon function (V to Z),was evaluated. In each case,measurementsweremade in spinal cord sections taken from
the level of the injury epicenter (E), above (A), or below (B). Arrows J to Y indicate an example of significant immunostaining in each case. Inmice lacking PAR2 therewas tissue sparring at
the level of the injury epicenter (I), reductions in GFAP-IR at the injury epicenter, above and below (N), reductions in IsoB-IR below and preservation of PKCγ-IR in spinal segments above
the site of lesion (PAR2+/+, n = 13 (4 Control, 9 SCI); PAR2−/−, n = 12 (4 Control, 8 SCI); *P b 0.05, **P ≤ 0.01, ***P ≤ 0.001 NK). Scale Bar A–H = 250 μm; J–Y = 100 μm.
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Elevations in TNFwere completely absent in PAR2−/−mice at all levels
of SCI examined at 30 dpi (P b 0.001, NK).

IL-6 RNA expression was up regulated in the SCI epicenter of
PAR2+/+ mice by 4-fold at 30 dpi (P b 0.001, NK, Fig. 6C). In
PAR2−/− mice, elevations in IL-6 were reduced above and at the SCI
epicenter at 30 dpi (P b 0.001, NK).

TGF-β RNA expression was elevated after SCI at all injury levels
30 dpi with the highest levels of expression occurring in the epicenter
with 14-fold elevations in PAR2+/+ and 9.5-fold elevations in
PAR2−/− mice (P b 0.001, NK, Fig. 6D). TGF-β expression was also re-
duced above the epicenter in PAR2−/− relative to PAR2+/+ mice at
30 dpi (P = 0.003, NK).

IL-10 expression was elevated in the injury epicenter as well as
above and below in PAR2+/+ mice by 4 to 6-fold at 30 dpi (P b

0.001, NK, Fig. 6E). In PAR2−/− mice, elevations in IL-10 RNA below
the epicenter at 30 dpi (10-fold) were significantly reduced relative to
wild type mice (P b 0.002, NK).

3.6. IL-6 drives expression of the PAR2-signaling axis and markers of
astrogliosis in primary astrocytes in vitro

Given the significant impact of PAR2-loss-of function on SCI-induced
astrogliosis and pro-inflammatory cytokine production, we sought to
determine if these effects are linked at the level of the astrocyte
(Fig. 7). Treatment of primary astrocytes with the PAR2 agonist
neurosin for 24 h promoted a 1.5-fold increase in IL-6 secretion (P =
0.004, Student t-test). In turn, recombinant IL-6 promoted a 2 to 3-
fold increase in the expression of GFAP or vimentin RNA (P ≤ 0.001,
Student t-test). Notably recombinant neurosin was not found to be a
significant driver of the expression of these astroglial intermediate



Fig. 4. Spinal cord injury-associated elevations in GFAP, vimentin and STAT3 signaling were reduced in PAR2 gene deficient mice. Western blots and corresponding histograms show dif-
ferential expression of GFAP, vimentin (VIM), pSTAT3 and STAT3 in the uninjured (C, Control) or injured PAR2+/+ or PAR2−/− spinal cord at 3 or 30 dpi. Protein samples isolated from
the injury epicenter (E), above (A), or below(B) fromPAR2+/+or PAR2−/−micewere examined inparallelwith uninjured samples in each case and results developed on the samefilm.
SCI-induced elevations in GFAP, vimentin and STAT3 were all significantly reduced inmice lacking the PAR2 gene. In some cases, multiple bands for GFAP or vimentinwere detected after
SCI and the band used for quantification is shown at the arrowhead in each case. Histograms show the mean and standard error of ROD readings across multiple membranes (n = 3 to
4) normalized to actin as loading control. (*P b 0.05, **P ≤ 0.01, ***P ≤ 0.001 NK).
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filaments under the conditions studied. IL-6 was also a positive regula-
tor of its own expression in astrocytes, inducing 2.4-fold higher levels
relative to cultures treated with vehicle alone (P = 0.02, Student t-
test). In addition, IL-6 promoted a 330-fold increase in PAR2 expression
and a 2.5-fold increase in the expression of its agonist neurosin (P ≤ 0.01,
Student t-test).

3.7. Neurosin-PAR2 driven IL-6 secretion involves STAT3 and ERK1/2 signal
transduction pathways

A combination of astrocytes derived from wild type or PAR2−/−
mice, the SCI-relevant PAR2 agonist neurosin (150 nM), and small mol-
ecule inhibitors of STAT3 (Stattic, 5 or 20 μm) or MEK1/2 (U0126,
150 μM) signaling, were used to examine the potential mechanism by
which PAR2 elicits IL-6 secretion in primary astrocytes. MEK1/2 was
chosen for study as an inhibitor of extracellular-signal-regulated kinase
(ERK1/2), a signaling intermediate activated by PAR2 (DeFea et al.,
2000), including astrocyte PAR2 (Vandell et al., 2008; McCoy et al.,
2011). STAT3 was chosen for study because of its well known action
in IL-6 signaling, although it is not known to signal directly downstream
of GPCRs such as PAR2. Neurosin promoted consistent IL-6 secretion,
ranging from 1.5- to greater than 3-fold elevations after 24 h (P b

0.001, Student t-test, Fig. 8A, D, E). Neurosin-induced IL-6 secretion
was reduced by 2-fold, but not eliminated, in astrocytes lacking PAR2
(P b 0.001, Student t-test, Fig. 8A). The ability of neurosin to also signal
through PAR1 in astrocytes to elicit IL-6 secretion (Vandell et al., 2008;
Scarisbrick et al., 2012a, 2012b) may account for neurosin-IL-6 secre-
tion, albeit at lower levels, even in the absence of PAR2. Examination
of STAT3 signaling in the same neurosin-treated cultures demonstrated
that neurosin promoted a 1.8-fold elevation in pSTAT3 and a 1.3-fold el-
evation in total STAT3 (P ≤ 0.04, Student t-test), increases that were
eliminated in astrocytes lacking PAR2 (Fig. 8B and C). Neurosin-
mediated IL-6 secretion was also reduced by a STAT3-specific inhibitor
(P = 0.01, Fig. 8D), or by a small molecule inhibitor of MEK1/2 (P b

0.001, Student t-test, Fig. 8E). Taken together, these data suggest a
model in which neurosin can elicit IL-6 secretion by activating PAR2



Fig. 5. Spinal cord injury-induced elevations in markers of astrogliosis and apoptosis were reduced in mice lacking the PAR2 gene. Histograms show transcriptional changes in RNA
encodingGFAP (A), vimentin (VIM, (B)), neurocan (NCAN, (C)), andBIM (F) in the spinal cord of PAR2+/+or PAR2−/− uninjured controls (C), or in the 3mmof spinal cord surrounding
the injury epicenter (E), or that above (A), or below (B), at 30 dpi. The RNA expression levels shown are expressed as a percent of the uninjured genotype control and these datawere used
for statistical comparisons. In addition, to facilitate interpretation of any impact of PAR2 gene deletion on gene expression in the uninjured spinal cord, and to permit statistical compar-
isons, expression levels shown for uninjured control PAR2−/− mice are expressed as a percent of uninjured PAR2+/+ controls. Baseline levels of neurocan were higher in PAR2−/−
compared to PAR2+/+mice.Western blots (D) and corresponding histogram (E) show that elevations in the pro-apoptotic protein BIM observed at 30 dpi were significantly attenuated
in mice lacking PAR2. (*P b 0.05, **P ≤ 0.01, ***P ≤ 0.001 NK).
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and that the intracellular pathways involved likely include bothMEK1/2
and STAT3 signaling mechanisms (Fig. 9). In this suggested model,
neurosin-PAR2-mediated IL-6 secretion feeds forward to activate
Fig. 6. Spinal cord injury-induced elevations in pro-inflammatory cytokines were reduced inm
inflammatory (TNF, IL1-β, IL-6), or anti-inflammatory cytokines (TGF-β, IL-10), in the spinal c
rounding the injury epicenter (E), or that above (A), or below (B), at 30 dpi. The RNA express
data were used for statistical comparisons. In addition, to facilitate interpretation of any impact
statistical comparisons, expression levels shown for uninjured control PAR2−/−mice are exp
RNA expression were observed in the uninjured spinal cord between PAR2+/+ and PAR2−/−
STAT3 signaling by activation of the IL-6 receptor. The STAT3 transcrip-
tion factor in turn drives expression of GFAP, vimentin, and additional
IL-6. In addition, our findings suggest that IL-6-STAT3 signaling drives
ice lacking the PAR2 gene. Histograms show transcriptional changes in RNA encoding pro-
ord of PAR2+/+ or PAR2−/− uninjured controls (C), or in the 3 mm of spinal cord sur-
ion levels shown are expressed as a percent of the uninjured genotype control and these
of PAR2 gene deletion on cytokine expression in the uninjured spinal cord, and to permit
ressed as a percent of uninjured PAR2+/+ controls. No significant differences in cytokine
mice. (*P b 0.05, **P ≤ 0.01, ***P ≤ 0.001 NK).



Fig. 7. IL-6 is a positive driver of astroglial intermediatefilament proteins and the PAR2-signaling axis in primary astrocytes. (A) Treatment of astrocyteswith neurosin (150 ng/ml) for 24 h
resulted in a significant increase in IL-6 secretion. (B) Astrocyte cultures treatedwith recombinant IL-6 (20 ng/ml) showed increased IL-6 RNA expression. Recombinant IL-6 also promoted
significant increases in the expression of GFAP (C), vimentin (D), PAR2 (E), and neurosin (F) RNA. (*P b 0.05, **P ≤ 0.01, ***P ≤ 0.001, Students t-test).
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elevations in both PAR2 and neurosin, therefore feeding back to create a
potentially cyclical signaling circuit that ultimately serves to intensify
the process of inflammatory-astrogliosis.

4. Discussion

The results presented suggest that PAR2 can serve as an extracellular
switch turning on signaling after SCI that limitsmotor recovery at least in
part by promoting inflammation and astrogliosis. In vivo and in vitro find-
ings are presented which support a model in which PAR2 activation pro-
motes IL-6-STAT3 signaling and contributes to pro-inflammatory
cytokine production and astroglial scar formation through serial
feedforward and feedback signaling mechanisms. Evidence further sug-
gests that this biological signaling node offers tangible therapeutic poten-
tial for SCI since global PAR2 deletion results in significant improvements
in motor recovery and reduced signs of inflammation, astrogliosis, and
axon degeneration.

This is the first report that PAR2 activation is an essentialmediator of
inflammation, astrogliosis and functional decline in SCI. PAR2 has been
linked to other neuropathologies, although its primarily detrimental or
beneficial actions are equivocal with outcomes pathology-related. The
current findings suggest that in spinal cord trauma, PAR2-activation
has a deleterious impact on neurobehavioral outcomes and that this is
linked in part to PAR2-driven inflammation and astrogliosis. For exam-
ple, SCI-elicited increases inmolecular signatures of astrogliosis, namely
the intermediate filament proteins GFAP and vimentin, and the neurite
outgrowth inhibitory protein neurocan (Laabs et al., 2007), were all
substantially lower inmice lacking PAR2. Also, SCI-associated elevations
in pro-inflammatory cytokines namely TNF (Kim et al., 2001), IL-1β
(Wang et al., 2005), and IL-6 (Okada et al., 2004), known to be produced
by immune cells and activated astrocytes and to mediate neural injury
responses, were also reduced in mice lacking PAR2. Indeed, in
PAR2−/− mice there was a complete absence of elevations in TNF ev-
ident at 30 dpi in the wild type injured spinal cord. IL-10 is primarily
produced by monocytes (Pestka et al., 2004) and reduced levels in the
PAR2−/− injured spinal cord below the level of injury may reflect re-
ductions in microglial/macrophage infiltration observed at the same le-
sion level immunopathologically (Letterio and Roberts, 1998). In
conjunctionwith reductions in pro-inflammatory cytokines, substantial
reductions in SCI-induced expression of the pro-apoptotic signaling
protein BIM, and increases in PKCγ-immunoreactivity, a marker of
corticospinal axon functional status (Lieu et al., 2013), were also ob-
served after SCI in PAR2 deficient mice (Laabs et al., 2007). While addi-
tional studies using cell specific PAR2−/− knockdown strategies will
be needed to addresswhether the reductions in pro-inflammatory cyto-
kines and astrogliosis and the improved functional status of
corticospinal axons observed in PAR2−/− mice may occur by direct
or indirect means, it is likely that these changes collectively contributed
to the improvements in motor outcomes observed.

The elevations in PAR2 expression in response to traumatic SCI ob-
served at early and chronic time points position this GPCR to exert fun-
damental actions in the cascade of events occurring secondary to spinal



Fig. 8. PAR2-neurosin dependent mechanism of IL-6 secretion in primary astrocytes. (A) Neurosin (NRS), (150 nM, 24 h)-mediated IL-6 secretion is reduced in astrocytes derived from
PAR2 knockout mice. Neurosin also stimulates increases in pSTAT3 (B), and total STAT3 (C), and these signaling responses were blocked in astrocytes lacking PAR2. A small molecule in-
hibitor of STAT3 (Stattic, 5 or 20 μM), or of MEK1/2 (U0126, 150 μM), each significantly attenuated neurosin-mediated IL-6 secretion (D, E). IL-6 secretion was measured by ELISA in cell
culture supernatants. (*P b 0.05, **P ≤ 0.01, ***P ≤ 0.001 NK).
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trauma. Additionally, neurosin (Klk6), a newly recognized CNS-
endogenous agonist of PAR2 (Vandell et al., 2008; Yoon et al., 2013),
was elevated in a coordinate manner, and is therefore positioned to
serve as amajor activator of PAR2 after SCI. Neurosin has been previously
implicated in SCI, with elevations occurring in experimental models
(Scarisbrick et al., 1997, 2006b; Terayama et al., 2004; Yoon et al.,
2013) and in human SCI, persisting as long as 5 years post-injury
(Scarisbrick et al., 2006b; Radulovic et al., 2013). Supporting a role for
neurosin in inflammatory astrogliosis, it is up regulated in astrocytes
and localized to macrophages/microglia in the context of SCI and in ac-
tively demyelinating MS plaques (Scarisbrick et al., 1997, 2002, 2006b,
2012a; Blaber et al., 2004). Here we verify the up regulation of neurosin
in GFAP+ astrocytes within the spinal cord at 30 dpi and demonstrate
that PAR2 is elevated in astrocytes in a parallel manner. In addition,
in vitro studies demonstrate that excess neurosin promotes injury to
neurons (Scarisbrick et al., 2008; Yoon et al., 2013), to myelin and
myelinating oligodendrocytes (Scarisbrick et al., 2002; Burda et al.,
2013), and drives key features of astrogliosis, including astrocyte
stellation and IL-6 secretion (Scarisbrick et al., 2012a). Emerging data in-
dicate neurosin exerts multiple physiologic actions relevant to SCI path-
ogenesis, including attenuating immune cell apoptosis (Scarisbrick et al.,
2011), and driving innate and adaptive immune responses (Scarisbrick
et al., 2006a, 2012b; Panos et al., 2014). These prior studies, taken with
current findings that SCI-induced elevations in neurosin are reduced in
the absence of PAR2, leave open the possibility that improvements in
sensorimotor outcomes in PAR2-deficient mice may be linked in part
to reduced elevations in this potent PAR2 agonist. Since the current stud-
ies point to a key role of IL-6 in promoting neurosin expression by astro-
cytes, it is possible that the reductions in IL-6 in the spinal cord of
PAR2−/−mice after SCI may underlie at least in part the coordinate re-
ductions in neurosin observed.

A systematic investigation of themolecular profile of SCI in PAR2+/+
and PAR2−/−mice, points to a mechanistic link between PAR2 and ca-
nonical IL-6-STAT3-signaling. Molecular profiling of the SCI epicenter
and segments above and below indicates that mice lacking PAR2 show
significantly reduced STAT3 signaling after SCI as well as reductions in
the STAT3 activator, IL-6. Since STAT3 is a well-established mediator of
IL-6-driven astrogliosis in SCI (Okada et al., 2006; Herrmann et al.,
2008), it is possible that reductions in SCI-associated IL-6 and STAT3 sig-
naling observed in PAR2−/− mice may have contributed to the reduc-
tions in astrogliosis and improved neurobehavioral outcomes observed.
Importantly in this regard, conditional deletion of STAT3 in astrocytes sig-
nificantly attenuates astroglial scar formation after SCI (Okada et al., 2006;
Herrmann et al., 2008;Wanner et al., 2013). However, targeting astrocyte
STAT3 alone also resulted in an increase in inflammation and lesion size
and overall reduced motor recovery establishing for the first time the
key role of astrocytes in controlling injury associated inflammatory and
wound healing responses. By contrast, we show that genetic deletion of
PAR2 globally not only promotes reductions in SCI-elicited astrogliosis,
but also results in reductions in other pro-inflammatory cytokines, in-
cluding TNF and IL1-β, as well as reductions in microglia/monocytes. It
is likely therefore that the significant neurobehavioral improvements
seen in PAR2−/−mice after SCI reflect the combined impact of deleting
PAR2 on pro-inflammatory responses, in addition to effects on attenuat-
ing astrogliosis. It is also important to point out that thewoundhealing re-
sponse in SCI is complex. IL-6 not only contributes to astrogliosis, but also
may promote direct nerve injury (Kaplin et al., 2005) or repair in certain
conditions (Cafferty et al., 2004; Yang et al., 2012; Lang et al., 2013). It will
be highly valuable in future studies to determine how targeting PAR2 se-
lectively in the different cell types involved in the response of the spinal
cord to traumatic injury, including astrocytes,microglia, oligodendrocytes
and neurons, affects cellular, molecular and behavioral recovery to shed
further light on themechanism of action of this receptor and its potential
therapeutic utility.

To begin to deconstruct the nature of PAR2-mediated astroglial acti-
vation and the emerging relationship that our data suggest exists be-
tween PAR2, IL-6, and STAT3-signaling, we evaluated the ability of the
SCI relevant PAR2 agonist neurosin (Scarisbrick et al., 1997, 2006b;
Radulovic et al., 2013; Yoon et al., 2013) to drive hallmarks of
astrogliosis in primary astrocytes in vitro. Neurosin increased both IL-6



Fig. 9.Model depicting howactivation of PAR2 in astrocytesmay promote IL-6-mediated STAT3 signaling and astrogliosis. Data presented suggest that SCI promotes elevations in PAR2 and
its CNS endogenous agonist neurosin (Klk6). Prior studies demonstrate that neurosin is producedby reactive astrocytes and activatedmicroglia/macrophages at sites of spinal cord trauma
(Scarisbrick et al., 2006b, 2012a; Radulovic et al., 2013). Neurosin cleaves thereby activating PAR2 (Vandell et al., 2008) to elicit IL-6 secretion at least in part by a MEK1/2-dependent sig-
naling mechanism. Astrocyte derived IL-6, along with that generated by immune cells at sites of SCI is a well studied activator of STAT3 signaling (Darnell, 1997) and elicits expression of
GFAP, vimentin (VIM) and additional IL-6 in primary astrocyte cultures. Data presented also suggest that IL-6 can increase expression of PAR2 (330-fold) and neurosin (2.5-fold) thereby
contributing to a reverberating signaling circuit in astrocytes that will ultimately promote astrogliosis.
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secretion and STAT3 signaling in cultures of primary astrocytes in a
PAR2-dependent manner. Treatment of astrocytes with neurosin for
24 h consistently produced increases in IL-6 secretion, although clear el-
evations in other hallmarks of astrogliosis, namely the expression of the
intermediatefilament proteins GFAP and vimentin,were not repeatedly
observed. In turn, recombinant IL-6 increased neurosin expression by
2.5-fold. IL-6 was also a vigorous activator of GFAP, vimentin, and IL-6
expression, a finding consistent with the established role of this pro-
inflammatory cytokine as a powerful mediator of astrogliosis (Klein
et al., 1997; Okada et al., 2004). Results therefore suggest that in vitro,
neurosinmodulates astroglial responses by promoting astrocyte IL-6 se-
cretion rather than driving robust changes in GFAP. It will be important
to address the effects of other PAR2 agonists relevant to SCI, including
kallikreins 5, 7 and 9 (Radulovic et al., 2013), to further define the ability
of PAR2 to directly modulate GFAP expression in vitro and in vivo. Inter-
estingly, data presented suggest that activation of PAR2 not only in-
creases astrocyte IL-6 secretion, but also that IL-6 is a potent regulator
of astrocyte PAR2 increasing expression of this receptor by 330-fold. It
is possible that interruption of the reciprocal regulatory interactions be-
tween PAR2 and IL-6 in PAR2−/− mice after SCI contributes to the re-
ductions in markers of astrogliosis observed, including GFAP, vimentin
and IL-6, in addition to STAT3 signaling. Together, the current findings
point to the need to fully delineate the spectrum of PAR2 agonists oper-
ative in SCI and their potential downstream actions.

While neurosinwas shown to promote activation of STAT3 in a PAR2
dependent manner, there is little evidence that this can occur directly.
GPCRs such as PAR2 have not been directly linked to activation of
STAT3, and indeed any direct link has been shown to be inhibitory
(Chung et al., 1997; Sengupta et al., 1998). An alternative possibility is
that PAR2 activates STAT3 indirectly by way of its ability to promote
secretion of the canonical STAT3 activator IL-6. PAR2 is a well-
established activator of mitogen-activated protein kinase (MAPKs)
signaling cascades, including ERK1/2 in astrocytes (Wang et al., 2002;
Vandell et al., 2008; McCoy et al., 2011). Experiments here indicate
that PAR2 signaling through ERK1/2 may play a role in PAR2-
mediated IL-6 secretion since a smallmolecule inhibitor of this signaling
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pathway significantly reduces neurosin-mediated IL-6 secretion (Wang
et al., 2002; Vandell et al., 2008; McCoy et al., 2011). In turn, IL-6 is
known to drivemarkers of astrogliosis, including additional IL-6 expres-
sion and here we show that STAT3 inhibition also reduces neurosin-
mediated IL-6 secretion in a dose dependent manner. Of interest, like
STAT3 (Herrmann et al., 2008; Wanner et al., 2013), prior studies also
point to a critical role for ERK1/2 signaling in SCI-induced astrogliosis
(Lu et al., 2010; Lin et al., 2014). Together these findings suggest that
SCI-induced IL-6 can serve as an integrator of the ERK1/2 and STAT3 sig-
nal transduction pathways driving key facets of astrogliosis. The limited
ability of the PAR2 agonist neurosin to promote robust increases in
GFAP or vimentin expression on its own, as would be expected if direct
STAT3 activation were involved, also supports the idea that an indirect
mechanism of PAR2-STAT3 activation in astrocytes likely predominates.
Since PAR2 gene deletion was shown to dramatically reduce STAT3 sig-
naling in the context of SCI, the current studies provide important ratio-
nale to further dissect the signaling intermediate(s) involved.

5. Conclusion

Given the key role of IL-6 in promoting astrogliosis (Okada et al.,
2004), including expression of GFAP and vimentin, we propose a
model whereby proteases unleashed after SCI, such as neurosin, con-
tribute to pathogenesis and suppress repair at least in part by their abil-
ity to switch on a PAR2-IL-6-STAT3 signaling cascade that promotes
inflammatory astroglial responses. Our findings suggest that therapies
targeting PAR2 signaling globally may prove useful to limit trauma-
induced astrogliosis, to constrain pro-inflammatory cytokine produc-
tion and apoptosis, and to protect sparred axons. Future studies are
needed to define the range of cells expressing PAR2 in SCI and to deter-
mine essential mechanisms involved by selective targeting of PAR2 in
different cell types. In addition, to move this research towards clinical
translation, it will be necessary to determine whether PAR2-inhibitors,
applied at select time points after injury, replicate or enhance the im-
provements in functional outcomes observed here in the case of global
PAR2 gene deletion.
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