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Regulation of IL-10 by Chondroitinase ABC Promotes a
Distinct Immune Response following Spinal Cord Injury
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Chondroitinase ABC (ChABC) has striking effects on promoting neuronal plasticity after spinal cord injury (SCI), but little is known about
its involvement in other pathological mechanisms. Recent work showed that ChABC might also modulate the immune response by
promoting M2 macrophage polarization. Here we investigate in detail the immunoregulatory effects of ChABC after SCI in rats. Initially,
we examined the expression profile of 16 M1/M2 macrophage polarization markers at 3 h and 7 d postinjury. ChABC treatment had a clear
effect on the immune signature after SCI. More specifically, ChABC increased the expression of the anti-inflammatory cytokine IL-10,
accompanied by a reduction in the proinflammatory cytokine IL-12B in injured spinal tissue. These effects were associated with a
distinct, IL-10-mediated anti-inflammatory response in ChABC-treated spinal cords. Mechanistically, we show that IL-10 expres-
sion is driven by tissue injury and macrophage infiltration, while the p38 MAPK is the central regulator of IL-10 expression in vivo.
These findings provide novel insights into the effects of ChABC in the injured spinal cord and explain its immunoregulatory
activity.
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Introduction
After spinal cord injury (SCI), the initial tissue damage is fol-
lowed by dysregulated inflammation and reactive gliosis (Silver
and Miller, 2004). The accumulation of chondroitin sulfate
proteoglycans (CSPGs) in the glial scar inhibits regeneration
and limits functional repair (Fawcett and Asher, 1999). Previ-
ous work from our laboratory and others has shown that the
glycolytic enzyme chondroitinase ABC (ChABC) removes gly-
cosaminoglycan (GAG) chains from glial scar CSPGs, and
promotes neuronal regeneration and plasticity after SCI in
vivo (Bradbury et al., 2002; Alilain et al., 2011; Burnside and
Bradbury, 2014). Recently, we found that the beneficial effects
of ChABC are not limited to enhanced plasticity. Large-scale
CSPG deglycosylation via viral overexpression of ChABC was
associated with an increase in anti-inflammatory M2 macro-
phages and reduced tissue pathology (Bartus et al., 2014). In
the spinal cord, alternative (M2) macrophage activation could

limit secondary inflammatory injury and promote tissue re-
pair (Kigerl et al., 2009; David and Kroner, 2011). Here, we set
out to investigate the immunomodulatory effects of ChABC in
detail.

Materials and Methods
Animals. Adult female Sprague Dawley rats (�200 g; Harlan Laborato-
ries) were used for all experiments and were housed under a 12 h light/
dark cycle with ad libitum access to food and water. All procedures were
performed in accordance with the United Kingdom Animals (Surgical
Procedures) Act 1996.

Spinal cord injury. Anesthetized (ketamine 60 mg/kg, and medetomi-
dine 0.25 mg/kg) rats received a midline 150 kdyne spinal contusion
injury at spinal level T10/T11 using an Infinite Horizon Impactor (Pre-
cision Systems Instrumentation), as previously described (James et al.,
2011). Animals were kept for either 3 h or 7 d postinjury. Spinal cord
tissue was then used for biochemical [mRNA, protein, and conditioned
medium (CM)] analyses.

Intrathecal injections by lumbar puncture. To achieve sufficient diges-
tion of spinal cord CSPGs, we delivered high-dose ChABC in large vol-
umes (100 �l) via multiple lumbar puncture injections. Although less
potent than viral ChABC overexpression (Bartus et al., 2014), this regime
leads to more effective CSPG digestion than previous intrathecal para-
digms (Barritt et al., 2006). Animals received intrathecal injections by
lumbar puncture at the intervertebral space, of either PBS (supple-
mented with glucose) or high-dose protease-free ChABC dissolved in
PBS with glucose (Sigma; 0.5 U in 100 �l injection volume). We used the
following three injection regimes. (1) Animals were injected twice at 48
and 24 h before SCI. Injured animals were then kept for 3 h before
culling. (2) Animals were injected every 48 h over 7 d after SCI (with the
first injection at 1 h postinjury). Injured animals were then kept for 7 d
before culling. For IL-10 neutralization, ChABC was mixed with rabbit
anti-IL-10 neutralizing antibodies (5 �g; Abcam) or 5 �g of rabbit iso-
type antibodies (Abcam). (3) The effect of intrathecal administration of
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high-dose ChABC was also tested on intact cords. Animals were injected
twice at 48 and 24 h before culling.

Peritoneal macrophages. Macrophages were extracted from the perito-
neum of adult female rats (250 –350 g). Animals were killed in a CO2

chamber. The peritoneal cavity was infused with 60 ml of PBS. Five
minutes later, peritoneal fluid was aspirated via a midline incision 2 cm
caudal to the xiphoid process. Cells were spun for 7 min at 1100 rpm.
Pellets were dissolved in culture medium (DMEM, antibiotics, and 15%
FCS) and plated to confluency (�250,000 cells/well in 96-well plates).
Cells were cultured at 37°C and 5% CO2. After 72 h, cells were serum
starved in plain DMEM for 4 h before stimulation. Each experimental
condition or time point was performed in duplicate for Western blotting
or in quadruplicate for mRNA analysis.

Conditioned medium. Conditioned medium from injured PBS- or
ChABC-injected spinal cords was prepared in serum-free DMEM, as
described by Bartus et al. (2014).

p38 inhibition in vivo. p38 MAPK activity was blocked using the highly
specific MAPK-activated protein kinase-2 blocker SB203580. The inhib-
itor specifically targets p38 (p38� and p38�) even at concentrations �10
�M (Saklatvala et al., 1996). For spinal inhibition of p38, anesthetized
animals received two intrathecal injections of SB203580 (10 �M in PBS/
0.01% DMSO), 60 and 30 min before a 150 kdyne contusion SCI. Con-
trol cords were injected with PBS/0.01% DMSO only. For systemic
inhibition of p38, animals received three intraperitoneal injections of
SB203580 (5 �m/kg in PBS/0.01% DMSO; 0.5 ml injection volume), at
24, 12, and 0.5 h before SCI, and once immediately after injury.

Protein extraction and immunoblotting. Protein extraction and immu-
noblotting from injured or intact spinal cord segments was performed as
described by Bartus et al. (2014). The following antibodies were used:
rabbit cyclooxygenase 2 (COX2), IRF5, and IL-10, mouse CD68, brevi-
can, and �-actin loading control (Abcam); goat arginase-1 (ARG1; Santa
Cruz Biotechnology); CD206 (R&D Systems); rabbit IBA1 (ionized
calcium-binding adaptor molecule 1; Wako); aggrecan (Millipore Bio-
science Research Reagents); mouse chondroitin-4-sulfate (C4S; AbD Se-
rotec); rabbit GAPDH and mouse neurocan (Sigma); and rabbit pp38,
pERK, pSTAT3, pATF2, and mouse I��� (Cell Signaling Technology).

RNA extraction and quantitative PCR. Real-time PCR was performed
using prevalidated TaqMan rat primer/probes (Invitrogen) in an auto-
mated Roche thermocycler. The fold change in mRNA expression of
target genes in injured and treated samples (�6 mm from T10 spinal
cord) was calculated relative to appropriate controls using the ��Ct
method. GAPDH served as the housekeeping gene. All short amplicon
primer/probes were designed, tested, and recommended by Applied Bio-
systems as they detect the maximum number of transcripts for the gene
of interest, they do not detect homologs, they sequence across an exon–
exon junction, they do not hybridize with multiple off-target genes, and
they do not target the 5� UTR.

Immunohistochemistry. T10/T11spinal cord segments (�1 cm) were
collected from perfused-fixed animals that received intrathecal injections
of either PBS or ChABC. Cryosections were probed with mouse CD68
(1:100 dilution; Abcam) and C4S (1:100 dilution; Millipore Bioscience
Research Reagents) antibodies. Sections were incubated for 16 h at 4°C
before applying goat anti-mouse Alexa Fluor 568 (red) for 90 min. Sec-
tions were washed and mounted using VectaStain medium supple-
mented with DAPI for nuclear staining.

Results
IL-10 mRNA is upregulated early after SCI
To examine inflammatory activation in the injured spinal cord,
adult rats received a clinically relevant contusion injury at spinal
level T10, using an automated impact device (Infinite Horizon
Impactor; James et al., 2011). To determine the effect of pro-
teoglycan deglycosylation on the acute inflammatory response,
one group of animals received two intrathecal injections of high-
concentration ChABC (0.5 U/injection) at 48 and 24 h before
injury. Control animals were injected with PBS. Inflammatory
activation was monitored in the injury epicenter using quantita-

tive mRNA expression (TaqMan Assay) at 3 h postinjury (Fig.
1A). We focused on genes associated with M1 and M2 macro-
phage subtypes (for review, see Gordon and Martinez, 2010;
Mantovani et al., 2013). Most genes were rapidly upregulated
after SCI in both PBS- and ChABC-injected cords (Fig. 1A). Pre-
treatment with ChABC caused a clear upregulation of IL-10
mRNA and a concomitant reduction in the expression of IL-12B
(Fig. 1A,C). Apart from the IL-10 high/IL-12B low effect, which
is characteristic of M2 macrophage polarization (Mantovani et
al., 2013), ChABC treatment altered the expression of several
genes compared with PBS injections, but did not produce a clear
distinction between M1 and M2 markers. For instance, while it
increased the expression of classic M2 markers CD206, CD163,
and ARG1, it also enhanced the expression of CD32 and induc-
ible nitric oxide synthase (iNOS; p � 0.05; Fig. 1A), typically
associated with M1 macrophages (Kigerl et al., 2009). ChABC-
treated cords also showed increased expression of IBA1, ex-
pressed by macrophages and microglia, and the leukocyte
common antigen CD45 (Fig. 1A,C). The upregulation of CD45
and IBA1 at this early time point (3 h) suggested increased infil-
tration of immune cells in ChABC-treated cords acutely after
injury. The sustained differential regulation of IL-10 and IL-12B
was observed in another cohort of animals that first received
spinal T10 contusion and subsequent injections of either PBS or
ChABC for 7 d (Fig. 1B,D). M2-associated genes CD206, CD163,
ARG1, and heme oxygenase 1 (HMOX1) were upregulated in
ChABC-treated cords, together with M1-associated genes
CXCL10 and iNOS (p � 0.05; Fig. 1B). CD45 and IBA1 were,
instead, unchanged (Fig. 1B,D).

Inflammatory protein changes and proteoglycan remodeling
We then examined the effects of injury and ChABC treatment on
inflammatory protein markers and extracellular matrix pro-
teoglycans in another group of animals. Seven days postinjury,
COX2 and CD68 were upregulated in the injury epicenter of both
PBS- and ChABC-injected cords, suggesting that the general in-
flammatory status was similar with both treatments (Fig. 1E). In
contrast, ARG1 and IBA1 showed a small but significant increase
in expression with ChABC treatment compared with PBS treat-
ment (Fig. 1E,F). The upregulation of arginase 1 is noteworthy
since it is an M2 marker and a classic IL-10 response gene (Man-
tovani et al., 2013). Elevated levels of IBA1 protein 7 d postinjury
in ChABC-treated animals is likely due to increased early IBA1
mRNA (Fig. 1C). mRNA transcripts have a shorter half-life than
proteins, which tend to turn over slower and accumulate while
mRNA has returned to baseline levels. IRF5, a transcription fac-
tor involved in M1 macrophage polarization (Krausgruber et al.,
2011), was downregulated in the injury epicenter with both treat-
ments (Fig. 1E). Moreover, ChABC treatment caused a clear loss
in the immunoreactivity of glycosylated neurocan (�260 kDa) in
both the injury epicenter and in intact tissue rostral to the epi-
center (Fig. 1E,F). This decrease does not necessarily reflect a
reduction in neurocan core protein expression; indeed, in a pre-
vious study (Bartus et al., 2014) using an antibody that recognizes
neurocan core protein (�150 kDa) we did not see a reduction at
the protein level after viral ChABC delivery. Aggrecan was in-
creased in intact rostral tissue of ChABC-treated animals (Fig.
1E,F), while brevican was unaffected (Fig. 1E). ChABC activity
in cords was confirmed by immunoblotting for deglycosylated
C4S GAG stubs (Fig. 1E).
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Figure 1. ChABC treatment alters the inflammatory response after SCI. A, B, Heat maps display normalized [�3 (green) to	3 (red)] differences in relative gene expression quantified by TaqMan
quantitative PCR in the injury epicenter (EPI) of either PBS- or ChABC-injected cords 3 h (A) and 7 d (B) postinjury. Fold change in mRNA expression was calculated using the ��Ct method, relative
to control (CON) T10 spinal cord collected from uninjured animals. GAPDH served as the housekeeping gene. Statistical analysis was performed using one-way ANOVA and, for multiple comparisons,
using he Holm–Sidak test (PBS-EPI vs ChABC-EPI). C, D, Graphs depict quantitative PCR relative quantitation (Rq ��Ct) for IL-10, IL-12B, IBA1, and CD45 in control, PBS-injectd, and ChABC-injected
cords 3 h (C) and 7 d (D) postinjury. Results are reported as the mean fold change in gene expression 
 SEM, n � 3 animals per group. Statistical analysis was performed using ANOVA, and for
multiple comparisons the Holm–Sidak test (PBS-EPI vs ChABC-EPI). *p � 0.05, **p � 0.01, ***p � 0.001. E, Cellular and extracellular protein levels were measured by Western blotting of the T10
injury EPI of PBS- and ChABC-injected spinal cords, 7 d postinjury. F, Intact tissue was collected from rostral (ROS) T1 spinal cord of the same animals to control for protein changes caused by injections
on uninjured tissue. Protein levels were quantified by densitometry (F ). Results are mean density values 
 SEM, n � 3 animals per group. Statistical analysis was performed using ANOVA, and for
multiple comparisons using the Holm–Sidak test. *p � 0.05, **p � 0.01.
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IL-10 neutralization affects macrophage inflammatory
markers
In IL-10 blocking experiments, we examined the effect of neutral-
ization of spinal cord-derived IL-10 on the expression of macro-
phage phenotypic and inflammatory markers (Fig. 2). Injury
epicenter (T10) explants were dissected ex vivo from contused
rats injected with PBS or ChABC for 7 d postinjury. Injury epi-
center explants were then cultured in serum-free medium for
16 h to allow release of soluble inflammatory factors. The CM was
then used to stimulate resting rat peritoneal macrophages in the
presence of either IL-10 neutralizing antibodies (	Nt) or isotype
control IgG (�Nt). Neutralization of IL-10 resulted in a small but
significant reduction of CD206 on macrophages treated with
conditioned medium from ChABC-injected injured spinal
cords (Fig. 2 A, B). Arginase 1 was also decreased after IL-10
neutralization in both PBS and ChABC conditioned medium,
while baseline phosphorylation of the transcription factor
STAT3 was abolished (Fig. 2 A, B). Activation of STAT3 by
IL-10 is central for cytokine suppression in macrophages
(Williams et al., 2007). COX2 was strongly upregulated by
both PBS and ChABC conditioned medium, but was unaf-
fected by IL-10 neutralization (Fig. 2A). Macrophages treated
with ChABC conditioned medium showed a reduction in IRF5
after IL-10 neutralization (Fig. 2A), although the reduction
was not statistically significant.

We then examined mRNA expression of inflammatory genes
typically inhibited by IL-10. IL-12B and iNOS were significantly
upregulated after IL-10 neutralization, together with the inflam-
matory cytokines IL-1�, TNF-�, and IL-6 (Fig. 2C). In contrast,
the M2 phenotypic marker CD163 was decreased (Fig. 2C). Al-
though neutralization of IL-10 in the conditioned medium had a
clear effect on macrophage gene expression, it did not differenti-
ate between PBS- and ChABC-injected cords, with the exception
of CD206 (Fig. 2A,B). Most likely, some IL-10 is present in con-
ditioned medium from PBS-treated cords, while cultured mac-
rophages evidently express IL-10 at baseline. The expression of
CD206 was next investigated in vivo in contused rats treated
with ChABC and intrathecal administration of IL-10-
neutralizing antibodies for 7 d (Fig. 2D). Compared with an-
imals treated with isotype control IgG, IL-10 neutralization
resulted in a significant reduction in CD206 mRNA (Fig. 2D),
while iNOS showed a decreasing trend ( p � 0.06). All other
inflammatory markers examined (IL-1�, TNF-�, IL-6, and
IL-12B) were unaffected by in vivo IL-10 neutralization (Fig.
2D). At the protein level (Fig. 2 E, F ), we found a significant
reduction in arginase 1, as well as in GFAP, neuronal �3-
tubulin, and myelin basic protein (MBP), indicating increased
cellular toxicity after IL-10 neutralization.

IL-10 regulation by in vitro injury and ChABC injection
The regulation of IL-10 in the spinal cord was next investigated in
more detail in a tissue explant in vitro injury preparation. To
determine whether IL-10 is expressed as a result of the mechani-
cal injury to the spinal cord, intact cords were injured in vitro. To
ensure that blood cells did not affect gene expression, animals
were perfused with PBS before spinal cord dissection. T10 ex-
plants were diced on a Petri dish and cultured for 3 h (in vitro
injury). Control explants were collected from the adjacent T9
spinal cord segment and were snap frozen immediately upon
dissection to determine baseline mRNA levels (Fig. 3A). Three
genes were significantly increased after in vitro injury: iNOS, IL-
10, and IL-12B (p � 0.05; Fig. 3A). Thus, IL-10 can be rapidly
induced in spinal cords by simple mechanical injury, even in the

absence of vascular supply. Gene expression could be due either
to the release of soluble factors or direct mechanosensing of res-
ident cells, most likely microglia and astrocytes (Ledeboer et al.,
2002).

We then tested whether intrathecal ChABC injections had a
direct effect on intact spinal cords. ChABC injections in unin-
jured animals caused a significant induction in IL-10 mRNA,
together with an increase in levels of IBA1, CD14, CD45, and the
macrophage chemokine receptor CCR2 (Fig. 3B). The level of
IL-12B was unchanged (Fig. 3B). These data suggest macrophage
infiltration, although de novo expression of these markers by res-
ident cells cannot be excluded. Immunofluorescence confirmed
proteoglycan deglycosylation after ChABC injections (C4S, GAG
stubs; Fig. 3C) and revealed the accumulation of CD68-positive
cells in the anterior spinal and sulcal vessels (Fig. 3D), and in the
vasocorona and its branches (Fig. 3E), providing further evidence
of macrophage infiltration with ChABC treatment. When we
combined intrathecal ChABC injections with in vitro injury,
IL-10 expression was strongly upregulated in explants dissected
from ChABC-injected cords (Fig. 3F, In vitro Injury). In compar-
ison, IL-12B was decreased, mirroring the IL-10 high/IL-12B low
effect seen previously in contused tissue (Fig. 1A–D). Further-
more, when intact spinal cords were injected with ChABC that
was previously boiled for 15 min to destroy enzymatic activity,
the increase in IL-10 expression was diminished (Fig. 3G).
We next treated contused rats with intraspinal injections of
high-titer lentiviral vectors expressing ChABC (LV-ChABC;
Fig. 3H; Bartus et al., 2014). Compared with control GFP-
expressing vectors, LV-ChABC-injected cords showed a sig-
nificant increase in IL-10 mRNA 7 d postinjury. Collectively,
these results suggest that the upregulation of IL-10 is due to
ChABC activity in the cord.

IL-10 is regulated by p38 in the spinal cord
The ERK and p38 MAPK and nuclear factor-�B (NF-�B) signal-
ing pathways are involved in the regulation of IL-10 expression in
different systems (Saraiva and O’Garra, 2010). In experiments
examining upstream signaling activation, conditioned medium
sampled from injured T10 spinal cord explants caused rapid ac-
tivation of the p38 and ERK MAPKs on resting peritoneal mac-
rophages (Fig. 4A,B). The conditioned medium also activated
the AP1 transcription factor ATF2 and caused the degradation of
I�B� (Fig. 4A,B), indicating activation of NF-�B. Conditioned
medium from ChABC-injected injured cords further enhanced
the phosphorylation of p38 and, to a lesser extent, ATF2 (Fig.
4A,B). In in vivo experiments, intrathecal delivery of the p38
inhibitor SB203580 (Saklatvala et al., 1996) before T10 contu-
sion, did not affect the expression of either IL-10 or IL-12B 3 h
postinjury (Fig. 4C). In contrast, systemic injections (intraperi-
toneal) of the inhibitor before and immediately after injury, led to
a significant reduction in IL-10 expression (Fig. 4D). IL-12B,
IBA1, and CD45 were not significantly affected (Fig. 4D). These
results suggest, first, that IL-10 mRNA is regulated by p38 in vivo
after SCI and, second, that immune cells infiltrating the injury
site are responsible for most of the IL-10 expression.

Discussion
In this study, we provide novel insights into the immunomodu-
latory effects of ChABC after SCI. We describe the upregulation
of IL-10, an anti-inflammatory factor that mediates cytokine sup-
pression by transcriptional and post-transcriptional regulation of
its target genes (Williams et al., 2007). Treatment with ChABC
caused a mixed regulation of M1/M2 macrophage markers.
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Figure 2. IL-10 neutralization in vitro and in vivo. A, B, Rat peritoneal macrophages were stimulated for 24 h with CM derived from the injury epicenter (T10) of either PBS- or ChABC-injected
spinal cords. IL-10 was neutralized in the conditioned medium using anti-IL-10 antibodies (	Nt, 250 ng). Control cells (CON) were cultured in serum-free DMEM, supplemented with either isotype
rabbit IgG (�Nt) or anti-IL-10 antibodies. Protein levels of inflammatory markers were assessed by immunoblotting (A) and were quantified by densitometry (B). Results are reported as the
mean 
 SEM, n � 3– 4 experiments. �-Actin served as the loading control. C, The effect of IL-10 neutralization on the expression of inflammatory genes was assessed using TaqMan quantitative
PCR in peritoneal macrophages stimulated with conditioned medium for 12 h. The fold change in gene expression was calculated relative to unstimulated cells (CON, �Nt). GAPDH served as the
housekeeping gene. Results are the mean 
 SEM, n � 3– 4 independent experiments. For B and C, ANOVA and pairwise comparisons with Fisher’s least significant difference test (�Nt vs 	Nt).
*p � 0.05, **p � 0.01, ***p � 0.001. D–F, For in vivo neutralization of IL-10, T10 contused rats received intrathecal injections of ChABC (0.5 U/injection) supplemented with either 5 �g of isotype
rabbit IgG (ChABC, �Nt) or 5 �g of anti-IL-10 neutralizing antibodies (ChABC, 	Nt). CD206, iNOS, IL-1�, IL-6, IL-12B, and TNF-� expression was measured by quantitative PCR in the injury
epicenter (EPI) and compared with intact rostral tissue (ROS) 7 d after SCI (D). n � 3 animals per group, ANOVA and Fisher’s least significant difference test (�Nt vs 	Nt). **p � 0.01. E, F, ARG1,
GFAP, �3-tubulin, and MBP were examined in injured spinal cord protein extracts with immunoblotting (E) and were quantified by densitometry (F ). Unpaired t test, *p � 0.05, **p � 0.01. GAPDH
served as the loading control.
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While the upregulation of arginase 1 and CD163 and the down-
regulation of IL-12B could be attributed to increased IL-10 (Gor-
don and Martinez, 2010), the upregulation of iNOS was
unexpected, indicating complex mechanisms of inflammatory
balance. The specific regulation of IL-10 (high), IL-12B (low),
iNOS (high), and arginase 1 (high) in contused ChABC-injected

cords resembles the transcriptional profile of myeloid-derived
suppressor cell, a population activated after trauma, suppressing
T-cell responses and inflammation in general (Gabrilovich and
Nagaraj, 2009).

Consistent with our previous findings (Bartus et al., 2014), the
M2 marker CD206 was upregulated by ChABC treatment. IL-10

Figure 3. IL-10 expression is increased by in vitro injury and ChABC injections. A, The heat map displays inflammatory gene expression measured by TaqMan quantitative PCR in T10 spinal cord
explants dissected, diced, and cultured in vitro for 3 h (In vitro Injury). Baseline gene expression was measured in adjacent (T9) control explants that were snap frozen immediately after dissection
(CON). B, mRNA expression of inflammatory genes was measured in intact spinal cords after two intrathecal injections of either PBS or ChABC. Data are reported as the mean fold change 
 SEM, n �
5 animals per group. Unpaired t test, *p � 0.05, **p � 0.01. C–E, Spinal cords received intrathecal injections of either PBS or ChABC. Subsequently, T8 –10 cross-sections were immunostained with
antibodies against C4S GAG stubs (C, red; scale bar, 100 �m) or CD68 (D, E, red; scale bar, 50 �m). Nuclei were counterstained using DAPI (blue). Note the presence of CD68-positive cells in the
anterior spinal and sulcal vessels (D) and the vasocorona (E) of ChABC-injected cords. F, Relative expression of IL-10 and IL-12B in T10 spinal cord explants dissected from uninjured animals that were
preinjected with either PBS or ChABC. As in A, explants were cultured for 3 h (In vitro Injury). Baseline mRNA expression was determined in intact tissue (CON) collected from adjacent spinal cord
segments, snap frozen immediately upon dissection. n � 4 –5 animals per group. ANOVA and Fisher’s least significant difference test (PBS vs ChABC). **p � 0.01, ***p � 0.001. G, mRNA
expression of IL-10 in intact spinal cords after two intrathecal injections of either native ChABC or ChABC boiled for 15 min. n � 3 animals per group. Unpaired t test, **p � 0.01. H, mRNA expression
of IL-10 in the injury epicenter of contused spinal cords 7 d postinjury. Rats were treated with intraspinal injections of LVs expressing either GFP (LV-GFP) or ChABC (LV-ChABC). For comparison, other
animals received intrathecal injections of bacterial ChABC. n � 3 animals per group. ANOVA and Fisher’s least significant difference test. *p � 0.05.
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neutralization decreased CD206 in macrophages in vitro and in
vivo after SCI, suggesting that IL-10 regulates CD206 expression
in the injured spinal cord. Although the mannose receptor is
classically controlled by IL-4, IL-10 can also induce it in macro-

phages (Martinez-Pomares et al., 2003). In addition, IL-10 neu-
tralization in vivo resulted in the reduction of GFAP, �3-tubulin,
and MBP, indicating a cytoprotective role of IL-10 in the injured
spinal cord. Accordingly, Zhou et al. (2009) showed that viral

Figure 4. Molecular regulation of IL-10 by p38. A, B, Acute signaling activation was examined in lysates of peritoneal macrophages, stimulated for 30 min with CM derived from the injury
epicenter of either PBS- or ChABC-injected spinal cords. Control cells (CON) were incubated with serum-free medium. Representative immunoblots from three independent experiments are shown
(A). Phosphoprotein and I�B� levels were quantified by densitometry (B). Values are reported as the mean density 
 SEM. ANOVA and Fisher’s least significant difference test (PBS-CM vs
ChABC-CM). *p � 0.05, **p � 0.01. C, For spinal inhibition of p38, ChABC-injected rats received two intrathecal injections of either SB203580 (	SB; 10 �M per injection) or vehicle (DMSO; �SB),
60 and 30 min before T10 contusion. IL-10 and IL-12B mRNA levels were measured by quantitative PCR in the injury epicenter (EPI, T10) and compared with intact rostral cord (ROS, T1).
D, For systemic inhibition of p38, ChABC-injected rats received intraperitoneal injections of either SB203580 or vehicle (DMSO) before and immediately after T10 contusion. IL-10, IL-12B,
IBA1, and CD45 mRNA levels were measured by qPCR in the injury EPI, 3 h after SCI. For C and D: n � 3 animals per group. ANOVA and Fisher’s least significant difference test (�SB vs
	SB). **p � 0.01.
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overexpression of IL-10 is modestly neuroprotective after spinal
hemisection, while Joniec-Maciejak et al. (2014) reported that
IL-10 delivery increased GFAP expression in murine brains.
Although here we focused on early inflammatory events after
contusion injury, our biochemical findings on the immuno-
modulatory effects of high-concentration intrathecal ChABC
and the increase in IL-10 raise important questions. Since we
previously found that long-lasting and extensive deglycosylation
of CSPGs achieved with lentiviral delivery of ChABC was associ-
ated with tissue repair and improved limb function after SCI
(Bartus et al., 2014), it would be interesting to examine whether
upregulation of IL-10 is maintained with long-term ChABC
treatment and whether neutralizing IL-10 would prevent
ChABC-dependent functional recovery.

Injection of high-dose ChABC also increased the expression
of IL-10 in intact cords. The increase in IL-10 was associated with
the upregulation of monocyte genes (CD45, CD14, and CCR2),
while CD68-positive cells were found in the vasocorona of
ChABC-injected spinal cords, suggesting monocyte infiltration.
Interestingly, Shechter et al. (2009) showed that, after SCI in
mice, infiltrating monocytes expressed IL-10, and that this was
essential for immunoregulation and wound healing. Likewise, we
showed that ChABC overexpression by lentiviral vectors is asso-
ciated with influx of CD206-positive macrophages after SCI (Bar-
tus et al., 2014). At present, the mechanism that governs the
infiltration of macrophages in the cord after ChABC delivery is
not known, but it is likely that enzymatic modification of the
extracellular matrix drives this phenomenon. To this end, a study
of nucleus pulposus resolution reported (Ishikawa et al., 1999)
inflammatory infiltration in the epidural space of ChABC-
injected animals. Importantly, we showed that the key immuno-
modulatory effects of ChABC (i.e., upregulation of CD206 and
IL-10) are consistent between viral or intrathecal delivery of
ChABC enzyme. However, not all of the observed biochemical
changes are consistent; for example, here we show that 7 d postin-
jury IBA1 protein levels are slightly enhanced after high-dose
intrathecal ChABC administration, in contrast to our previous
observation that IBA1 was unchanged after intraspinal injection
of ChABC-expressing virus (Bartus et al., 2014). This is perhaps
due to differences in ChABC administration and/or enzymatic
activity in the spinal cord. Another possibility that we cannot
categorically exclude is that macrophages respond to the in-
jection of the bacterial enzyme. Yet, the loss of IL-10 induction
after boiling bacterial ChABC together with the increase in
IL-10 after intraspinal injections of ChABC-expressing virus
point toward a specific effect of ChABC activity on immuno-
modulation. We also found that IL-10 can be induced by sim-
ple in vitro mechanical injury of spinal cord explants,
indicating that resident cells, most likely microglia and astro-
cytes (Ledeboer et al., 2002), can contribute to IL-10 expres-
sion in the cord and that IL-10 is an injury response gene,
alongside IL-12B and iNOS.

Our data further revealed that p38 was the critical regulator of
IL-10 expression. Systemic injection of the selective inhibitor
SB203580 validated the role of p38 in postinjury induction of
IL-10 in vivo and confirmed the involvement of infiltrating cells,
since local administration of SB203580 via intrathecal injections
before injury failed to reduce IL-10 mRNA. Although the regula-
tion of IL-10 expression is complex and involves various path-
ways and transcription factors, p38 is a well established regulator
of IL-10 in human monocytes and other cell types (Foey et al.,
1998). Perhaps it is not surprising that p38 inhibition previously
failed to alter pathological outcomes after SCI (Stirling et al.,

2008), reflecting the complexity of inflammatory regulation in
vivo and the dominant involvement of p38 in both proinflamma-
tory (IL-1, TNF) and anti-inflammatory (IL-10, tristetraprolin)
mechanisms (Clark et al., 2009).

In summary, ChABC delivery alters inflammatory gene ex-
pression in the injured spinal cord. We report for the first time
that the anti-inflammatory cytokine IL-10 is upregulated after
ChABC treatment via a p38-dependent mechanism. The in-
creased expression of IL-10 is linked to inflammatory regulation
in the spinal cord and offers new insight into the beneficial effects
of ChABC treatment after spinal cord injury.
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