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Abbreviations:

ARSB = arylsulfatase B = N-acetylgalactosamine 4-sulfatase
C4S = chondroitin 4-sulfate

ChABC = chondroitinase ABC

CS-GAGs = chondroitin sulfate glycosaminoglycans

CSPG = chondroitin sulfate proteoglycan

CHST11 = carbohydrate (chondroitin-4)sulfotransferase 11
GAG = glycosaminoglycan

GFAP = glial fibrillary-acidic protein

HIF = hypoxia-inducible factor

NCAN = neurocan

N.D. = no difference

PBBI = penetrating ballistic-like brain injury

PBBI-I = PBBI ipsilateral

PBBI-c = PBBI contralateral

SHAM-C = contralateral sham control

SHAM-1 = ipsilateral sham control

TGF = transforming growth factor



ABSTRACT

In an established rat model of penetrating ballistic-like brain injury (PBBI), arylsulfatase
B (ARSB; N-acetylgalactosamine 4-sulfatase) activity was significantly reduced at the ipsilateral
site of injury, but unaffected at the contralateral site or in sham controls. In addition, the ARSB
substrate chondroitin 4-sulfate (C4S) and total sulfated glycosaminoglycans increased. The
MRNA expression of chondroitin 4-sulfotransferase 1 (C4ST1; CHST11l) and the
sulfotransferase activity rose at the ipsilateral site of injury (PBBI-I), indicating contributions from
both increased production and reduced degradation to the accumulation of C4S. In cultured,
fetal rat astrocytes, following scratch injury, the ARSB activity declined and the nuclear hypoxia
inducible factor (HIF)-la increased significantly. In contrast, sulfotransferase activity and
chondroitin 4-sulfotransferase expression increased following astrocyte exposure to TGF-f1, but
not following scratch. These different pathways by which C4S increased in the cell preparations
were both evident in the response to injury in the PBBI-I model. Hence, findings support effects
of injury due to mechanical disruption inhibiting ARSB and to chemical mediation by TGF-p1
increasing CHST11 expression and sulfotransferase activity. The increase in C4S following TBI
is due to contributions from impaired degradation and enhanced synthesis of C4S which

combine in the pathogenesis of the glial scar.



INTRODUCTION

Recent studies demonstrated that the enzyme arylsulfatase B (ARSB;
Nacetylgalactosamine4-sulfatase), which removes sulfate groups from the non-reducing end of
chondroitin  4-sulfate and dermatan sulfate and thereby triggers degradation of the
glycosaminoglycan chain, is not just a lysosomal enzyme, but is also present at the cell
membrane of human cerebrovascular and epithelial cells and rodent epithelial and endothelial
cells [Bhattacharyya et al., 2009a; Bhattacharyya et al., 2009b; Mitsunaga-Nakatsubo et al.,
2009; Prabhu et al.,, 2011; Feferman et al., 2013]. Activity of ARSB is reduced in hypoxic
conditions, and molecular oxygen participates in the post-translational modification of ARSB to
its active form [Bhattacharyya and Tobacman, 2012; Roeser et al., 2006]. In human bronchial
and colonic epithelial cells, silencing ARSB replicated the effects of hypoxia, suggesting that
ARSB may mediate intracellular effects of oxygen. In the traumatized brain, oxygenation is
impaired [Leung et al., 2013; Murakami et al., 2012] and chondroitin 4-sulfate (C4S) is
upregulated [Yi et al., 2012], leading to our consideration that ARSB activity might be reduced in
brain injury. The studies in this report were performed to investigate for the first time the effect of
brain injury on ARSB, using a well-characterized rat model of penetrating ballistic-like brain
injury (PBBI) [Williams et al., 2005] and two in vitro astrocyte injury models, induced by scratch
or transforming growth factor (TGF)-B1 [Yu et al., 2012; Yu et al., 1993; Lau and Yu, 2001,
DeVellis et al., 2010].

PBBI recapitulates the insult sustained by a penetrating ballistic-like event, and the
persistent motor and cognitive deficits associated with PBBI have been well-documented
[Shearer et al., 2010]. The temporal modulation of a number of proteins has been previously
reported in the PBBI model [Boutté et al., 2012; Yao et al., 2008; Cartagena et al., 2014]. PBBI-
induced changes at 24 hours in protein expression have also been reported, with both over- and
under-expression of proteins associated with injury and the response to injury, including

changes in STAT3, Tau, PKA RII beta, 14-3-3 epsilon, p43/EMAPII, ubiquitin carboxyl-terminal



hydrolase isozyme L1, syntaxin-6, hypoxia-inducible factor (HIF)-1a, and aquaporin [Boutté et
al., 2012; Yao et al., 2008; Cartagena et al., 2014]. The effect of this model on C4S, sulfated
glycosaminoglycans (GAGs), and the chondroitin sulfate proteoglycan neurocan has not
previously been evaluated.

In other TBI models and clinical brain injury, increases in chondroitin 4-sulfate (C4S) and
chondroitin sulfate proteoglycans (CSPG), including neurocan, have been identified and
recognized as major contributors to the scar formation that follows trauma [Yi et al., 2012; Yin et
al., 2009; Smith and Strunz, 2005; Siebert et al., 2014; Asher et al., 2001].

In the studies that follow, two well-established models of reactive astrocytes were used
to separately analyze mechanical and cytokine-induced effects which were anticipated to be
present in combination in the PBBI model. We hypothesized that post-traumatic decline in
ARSB would contribute to the accumulation of C4S in TBI, and that an overall increase in C4S
would result from both decline in ARSB, leading to inhibition of C4S degradation, and increased

CHST11 and sulfotransferase activity, leading to increased synthesis of C4S.



MATERIALS AND METHODS
Rodent model of penetrating ballistic-like brain injury (PBBI)

Male Sprague-Dawley rats (250-300 g; Charles River Labs, Raleigh, VA) were used in
all the experiments of traumatic brain injury. All procedures were approved by the Walter Reed
Army Institute of Research Animal Care and Use Committee and Material Transfer Agreement
was enacted with the University of Illinois at Chicago. All surgical procedures were conducted in
compliance with the animal welfare act, the Guide for the Care and Use of Laboratory Animals
(National Research Council) and other federal statutes and regulations relating to animals and
experiments involving animals. Anesthesia was induced in animals with 5% isoflurane and
maintained at 2% isoflurane and was delivered in oxygen. Body temperature was maintained at
37° + 1°C by means of a homeothermic heating system (Harvard Apparatus, South Natick, MA).

Right frontal ballistic injury was produced by the Dragonfly Variable Pressure Waveform
Generator (model no. HPD-1700; Dragonfly Inc., WV) as detailed [Yi et al., 2012]. Injury was
induced (10% brain volume) by a high speed, specially designed probe into the hippocampal
region of the brain, and rapid inflation of an attached balloon mimicked the temporary cavity
induced by a penetrating bullet. For protein assay and RT-PCR experiments, coronal brain
tissue slice samples (2-mm thick, from -5-mm bregma to -2 mm bregma) were collected at 24
hours following injury, flash frozen in liquid N2, and stored at -80°C until subsequent testing in
the experiments described below. Samples included: ipsilateral peri-traumatic region (PBBI-I),
region contralateral to the site of injury in the traumatized brain (PBBI-C), sham-injured
ipsilateral site (SHAM-I), and sham-injured contralateral site (SHAM-C). Five brain samples from
each condition were tested (total animals=10). For confocal microscopy experiments, PBBI was
induced as described above. At 24 hours following injury, animals were transcardially perfused
with ice-cold phosphate buffered saline (PBS; pH 7.4). Sham control or injured brains were

extracted, immersed in 4% paraformaldehyde for 6 h, and then transferred to 0.1 M phosphate



buffer containing 20% sucrose (pH 7.4, 4°C) and stored at -80°C until further processing.
Primary astrocyte cultures and treatments

Fifteen-day time-pregnant Sprague-Dawley rats were purchased from Charles River
(Wilmington, MA). Cortical astrocytes were prepared from rat fetuses at gestational day 21 as
previously described [Guizzetti, 1996; Zhang, 2014]. Astrocytes were grown in Dulbecco’s
modified Eagle Medium (DMEM) containing 10% Fetal Bovine Serum (FBS), 100 units/ml
penicillin, and 100 ug/ml streptomycin under a humidified atmosphere of 5% CO2-95% air at
37°C. After 9-16 days in culture, astrocytes were plated in 100 mm dishes (2.5 x 10°cells/dish).

After four days in culture, confluent astrocyte monolayers were induced to become
reactive by physically scratching the cultures and/or treating them with 10 ng/ml TGF-f1,
similarly to what was previously described [Yu et al, 2012; DeVellis, 2010, O'Toole et al, 2007].
The scratch-wound model is a mechanical injury model in which a monolayer of confluent
astrocytes is “wounded” by scratching it with the tip of a sterile pipette tip. Using a p100 sterile
pipette tip, seven parallel scratches and then seven more scratches at a right angle to the
previous seven were made. About 35-40% of the cells were removed. After the injury, the
dishes were washed in PBS to remove all the debris and floating cells. Serum-free DMEM
medium supplemented with 0.1% Bovine Serum Albumin (BSA) and antibiotics were then added
to the culture dishes, which were incubated for 72 h.

Another set of confluent astrocyte dishes was treated with TGF-f1 (10 ng/ml, R&D
Systems) in serum-free DMEM medium supplemented with 0.1% BSA and antibiotics for 72 h. A
last set of dishes was scratched as described above, washed in PBS, and incubated for 72 h
with serum-free DMEM medium supplemented with 0.1% BSA and antibiotics and TGF-p1 (10
ng/ml).

Arylsulfatase B activity assay
ARSB measurements were performed by a fluorimetric assay with the substrate 4-

methylumbelliferyl sulfate (4-MUS) [Bhattacharyya et al., 2009b]. Briefly, 20 ul of fetal rat



astrocytes or brain tissue homogenate and 80 pl of assay buffer (0.05M Na acetate, pH 5.6)
were combined with 100 ul of substrate (5mM 4-MUS in assay buffer) in wells of a microplate.
The microplate was incubated for 30 minutes at 37°C. T he reaction was stopped by 150 ul of
stop buffer (Glycine-Carbonate buffer, pH 10.7), and fluorescence was measured at 360 nm
(excitation) and 465 nm (emission) in a microplate reader (FLUOstar, BMG LABTECH, Inc.,
Cary, NC). Protein content of the homogenate was measured using BCA™ Protein Assay Kit
(Pierce), and enzyme activity was expressed as nmol/mg protein/h.

Sulfated glycosaminoglycans and chondroitin 4-sulfate assay

Total sulfated glycosaminoglycans (GAGSs), including chondroitin 4-sulfate (C4S),
chondroitin 6-sulfate, dermatan sulfate, keratan sulfate, heparin, and heparan sulfate, in
astrocyte or brain tissue lysate, were measured by the sulfated GAG assay (Blyscan, Biocolor
Ltd., Newtownabbey, Northern Ireland) [Bhattacharyya et al., 2009b]. The sulfated
polysaccharide component of proteoglycans (PG) and protein-free sulfated GAG chains were
measured, whereas hyaluronan or degraded disaccharide fragments were not detected. The
reaction was performed in the presence of excess unbound 1,9-dimethylmethylene blue dye,
and the cationic dye-sulfated GAG at acid pH produced an insoluble complex. The sulfated
GAG content was determined by the amount of dye that was recovered from the test sample
following exposure to the Blyscan dissociation reagent. Absorbance maximum for measurement
of 1,9-dimethylmethylene blue was 656 nm. Concentration was expressed as micrograms/mg
protein of cell lysate.

Chondroitin ~ 4-sulfate  (C4S) in the samples was determined following
immunoprecipitation with C4S antibody (AmsBio, San Diego, CA). Dynabeads (Life
Technologies, Carlsbad, CA) were coated with specific C4S antibody, and beads were mixed
with samples, incubated, and immunoprecipitated [Bhattacharyya et al.,, 2009b].
Immunoprecipitated C4S molecules were eluted and subjected to the Blyscan sulfated GAG

assay, as above.



Neurocan ELISA

The nervous system proteoglycan neurocan, a chondroitin sulfate proteoglycan (CSPG)
with three C4S attachments, has been shown to be increased in neuronal injury [Asher et al.,
2000; McKeon et al., 1999]. Neurocan protein levels in the culture medium and cell extracts of
fetal rat astrocytes and in the rat brain tissue were measured by a competitive ELISA kit
(Cederlane, Burlington, NC), following the recommended procedures. Standards, cell or tissue
samples, and neurocan horseradish peroxidase conjugate were added to wells pre-coated with
neurocan antibody, incubated for 1 hour at 37°C, and washed three times. Color was developed
by adding hydrogen peroxide/tetramethylbenzidine (TMB) substrate, and color development
was inversely proportional to the neurocan content in the test samples. The reaction was
stopped by 2N sulfuric acid, and the color was read at 450 nm in a plate reader (BMG). The
concentration of neurocan in the samples was extrapolated from the standard curve and
expressed per mg of total tissue protein, which was measured by protein assay (Pierce).
Neurocan protein associated with C4S was determined by ELISA following immunoprecipitation
of C4S, as described above. The C4S associated with neurocan was expressed as the ratio of
ng C4S / ng neurocan.
Sulfotransferase activity assay

Sulfotransferase activity in the brain tissue and astrocyte samples was measured by a
standardized assay that measures all sulfotransferase activity (R&D system, MN)
[Bhattacharyya et al., 2014c]. In this assay, sulfotransferases in the samples converted 3'-
phosphoadenosine-5'-phosphosulfate (PAPS) to 3’-phosphoadenosine-5’-phosphate (PAP).
Subsequently, a coupling 3-phosphatase enzyme released one inorganic phosphate from PAP.
The 3-inorganic phosphate was detected by malachite green phosphate detection reagent, and
was proportional to the 3’-phosphoadenosine-5’-phosphate generated, thereby indicating the
extent of the sulfotransferase reaction which utilized the sulfate group of PAPS.

Measurement of activated HIF-1a



Nuclear extracts of treated and control cell preparations and brain tissue were prepared
using a nuclear extract kit (Active Motif, Carlsbad, CA). Activated HIF-1a in the nuclear extract
of the control and treated cells was determined by an oligonucleotide-based ELISA (R & D
Systems, MN) [Bhattacharyya and Tobacman, 2012]. Activated HIF-1la in the nuclear extract
bound to a biotinylated double-stranded oligonucleotide containing a consensus sequence of
the HIF-10 binding site, and the HIF-la-oligonucleotide complexes were captured by an
immobilized antibody specific for HIF-1a that was coated onto the wells of a microtiter plate.
Captured HIF-1a molecules were subsequently detected by streptavidin-horseradish peroxidase
(HRP), and HRP activity was determined by adding hydrogen peroxide-tetramethylbenzidine
(TMB) chromogenic substrate. The optical density for the developed color was measured in an
ELISA reader (BMG) at 450 nm, after stopping the reaction with 2N sulfuric acid. The intensity
of the developed color was proportionate to the quantity of activated HIF-1a in each sample.
The sample values were normalized with the total cell protein and expressed as percentage of
control.

Quantitative real-time PCR

RNA was isolated from either astrocytes or tissue samples using RNeasy plus Mini Kit
Qiagen; Valencia, CA). Total RNA was transcribed into complementary DNA (cDNA) using
High-Capacity cDNA Reverse Transcription Kits (Applied Biosystems, Carlsbad, CA) as
described previously [Chen et al., 2013]. ARSB, neurocan, CHST11, transforming growth factor
(TGF)-B1 and glial fibrillary-acidic protein (GFAP) mRNA levels in astrocytes and brain samples
were quantified by SYBR-Green quantitative real-time polymerase chain reaction (PRT-PCR).
The reference gene 60S ribosomal protein L32 (RPL32.2) mRNA was measured in the same
samples, and used to normalize the mRNA loading for the genes of interest.

Primers were:

CHST11 (chondroitin 4-sulfotransferase) forward: 5' - ACT GTG bCGT CCC ATAAAG TC - 3

and reverse: 5' - CAA ACC AGA CAT AGC CAG CA - 37
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NCAN (neurocan) forward: 5' - CCT TGG AGA GTG ACC AGAGC - 3
and reverse: 5'- AGA CTC CTG CTG CCAAGAGA-3
TGFB1 (transforming growth factor beta 1) forward: 5' - CGC CTG AGT GGC TGT CTT TT - 3'
and reverse: 5' - GCG AAAGCC CTG TAT TCCGT - 3
GFAP (glial fibrillary-acidic protein) forward: 5' - CCT TGC GCG GCA CGA ACG AG - 3
and reverse: 5' - CCG AGC GAG TGC CTC CTG GT - 3'
ARSB (arylsulfatase B) forward: 5' - CCT CCT GGA CGA AGC AGT GGG - 3
and reverse: 5' - CCC GCC GTT GTC TGT GGA GA - 3
RPL32.2 (60S ribosomal protein L32) forward: 5' - AGA TTC AAG GGC CAG ATCCT -3
and reverse: 5' - GTT GCA CAT CAG CAG CACTT - 3.
Confocal microscopy

Frozen sections from PBBI-1 and PBBI-C tissues were fixed in 4% paraformaldehyde for
90 minutes, washed once in 1xPBS containing 1mM calcium chloride (pH 7.4), and
permeabilized with 0.08% saponin. Slides were washed again with PBS, blocked by 5% normal
goat serum, and incubated with GFAP or neurocan antibody. After primary antibody incubation,
slides were washed and stained with corresponding Alexa Fluor® conjugated secondary
antibodies (Life Technologies, Grand Island, NY). Next, the sections were washed thoroughly
and coverslipped using DAPI-mounting medium (Vectashield®; Vector Laboratories, Inc.,
Burlingame, CA) for nuclear staining. Stained tissue sections were observed with a Zeiss LSM
510 laser scanning confocal microscope. Digital images (25x) were taken using the same
settings and reproduced in this manuscript without modification.
Statistics

Assays were performed with at least biological triplicates and technical replicates and
expressed as mean + standard deviation (S.D.). Significant differences were determined by

InStat software (GraphPad Software, San Diego CA), using one-way ANOVA tests followed by

11



Tukey—Kramer post-test for multiple comparisons. P-values <0.05 are considered statistically

significant. In the figures, * represents p<0.05, ** p<0.01, and *** p<0.001.
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RESULTS
Decline in arylsulfatase B activity following injury

In the penetrating ballistic-like brain injury (PBBI) model, ARSB activity in the ipsilateral
traumatized brain (PBBI-1) declined significantly at 24 hours following injury (p<0.001; one-way
ANOVA with Tukey-Kramer post-test), but did not change in the contralateral injured brain or in
the sham-injured brain (Fig. 1A). In the scratch model of injury to the fetal rat astrocytes, ARSB
activity detected after 72 hours was markedly reduced in the rat brain astrocytes (p<0.001) (Fig.
1B). Exogenous TGF-B1 did not affect the ARSB activity. In contrast to the declines in ARSB
activity, ARSB mRNA expression was not significantly reduced in either the PBBI-I ipsilateral
brain tissue (Fig. 1C) or in the astrocyte scratch model (Fig. 1D).
Sulfotransferase activity and CHST11 mRNA expression increased following injury

Sulfotransferase activity was significantly increased in the ipsilateral traumatized rat
brains (PBBI-1) (p<0.001) (Fig. 2A) and in the reactive rat astrocytes following TGF-f1 exposure
(p<0.001), but not following scratch (Fig. 2B). Consistent with the increase in sulfotransferase
activity, the mRNA expression of CHST11 was significantly increased in the ipsilateral,
traumatized brain (PBBI-I) at 24 hours (p<0.01) (Fig. 2C) and in the reactive rat astrocytes
following exposure to TGF-B1 (p<0.05), but not following scratch (Fig. 2D). The combination of
TGF-B and scratch further increased the CHST11 mRNA expression (p<0.01).
Increase in total sulfated glycosaminoglycans and chondroitin 4-sulfate following injury

The content of total sulfated glycosaminoglycans (GAGS) increased significantly in the
ipsilateral traumatized rat brains (PBBI-I) (p<0.001) (Fig. 3A). Consistent with the decline in
ARSB and the increase in CHST11, the content of C4S increased significantly, from 8.1 + 0.8
ug/mg protein in the ipsilateral sham control to 12.6 + 1.2 ug/mg protein in the PBBI-I tissue
(p<0.001) (Fig. 3B). In the astrocyte models, the levels of total sulfated GAGs (Fig. 3C) and

C4s (Fig. 3D) increased significantly both following scratch (p<0.001) and following exposure to
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TGF-p1l (p<0.01). The combination of scratch and TGF-B1 produced a larger increase than
either stimulus alone.
Increase in neurocan and in the C4S that co-immunoprecipitated with neurocan following
injury

Following injury, the protein component of the chondroitin sulfate proteoglycan neurocan
was significantly increased, as detected by ELISA in the PBBI-I tissue (p<0.001) (Fig. 4A). The
amount of C4S that immunoprecipitated with neurocan, expressed as ng C4S per ng neurocan,
increased by over 60% from the baseline level following injury. This increase was consistent
with the rise in chondroitin 4-sulfation following the decline in ARSB and the increases in
CHST11 and sulfotransferase activity (Fig. 4B). These results indicate that the increased C4S
following injury is associated with increased neurocan. The mRNA expression of neurocan also
increased in the PBBI-I tissue (p<0.001) (Fig. 4C) and in the reactive astrocytes following TGF-
B1 (p<0.001), but not scratch (Fig. 4D). The increase in neurocan expression in the astrocytes
was greater following the combination of scratch and TGF-p1.
Increases in neurocan and glial fibrillary-acidic protein following TBI

Confocal microscopy demonstrated the increase in neurocan (green) in the ipsilateral
injured rat brain (PBBI-I), compared to the contralateral control tissue (PBBI-C) (Fig. 5F vs. Fig.
5B). Glial fibrillary-acidic protein (GFAP; red) was also shown to increase following trauma (Fig.
5G vs. Fig. 5C) and to co-localize with neurocan (Figs. 5D and 5H). QRT-PCR demonstrated
increased mMRNA expression of GFAP in the ipsilateral peri-traumatic brain tissue at 24 hours
(p<0.001) (Fig. 5. In the neonatal rat astrocytes at 72 h, GFAP mRNA was significantly
increased by the combination of scratch and TGF-B1 treatment (p<0.01).
Increased nuclear HIF-1a following injury

Binding of nuclear HIF-1la to a distinct consensus DNA sequence was detected using
nuclear extracts of the brain tissues and the cultured astrocytes. The nuclear, activated HIF-1a

increased to three times the baseline level in the PBBI-I tissue, in contrast to the contralateral
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and sham-operated tissues (p<0.001) (Fig. 6A). In the astrocytes, scratch, but not TGF-p1
treatment, enhanced the activation of HIF-1a (p<0.001) (Fig. 6B). Findings are consistent with
previously reported increases in rat HIF-1a mRNA at 12 and 24 hours following brain injury [Yao
et al., 2008], and the increase in activated HIF-1a that followed silencing of ARSB by SiRNA in
human bronchial and colonic epithelial cell lines [Bhattacharyya and Tobacman, 2012].
Increased TGF-B1 following injury

In the PBBI-I samples, mRNA expression of TGF-B1 increased significantly at 24 h
(p<0.001) (Fig. 7A). However, in the scratch injury model in the astrocytes and following

exogenous TGF-B1, the mRNA expression of TGF-f1 did not increase (Fig. 7B).
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DISCUSSION

Improvement in the clinical response to traumatic brain injury (TBI) remains a significant
challenge, and the long-term and cumulative consequences of TBl can be devastating.
Improved understanding of the underlying pathophysiology may lead to better approaches to
assessment of injury severity and to effective interventions. In this report, we have presented
data which identify two major mechanisms by which injury leads to increased chondroitin 4-
sulfate, a major component of the glial scar [Siebert et al., 2014; Asher et al., 2001]. These
mechanisms, which were isolated in the reactive astrocyte models, include: 1) direct physical
impact leading to decline in ARSB activity inhibiting the degradation of C4S; and 2) TGF-p1-
mediated increases in CHST11 expression and sulfotransferase activity. These effects in
combination can reduce the degradation and increase the production of C4S, thereby
augmenting the accumulation of C4S in the injured brain tissue.  The findings in this report are
consistent with a two-component reaction to injury in the TBI model, including responses
analogous to effects of scratch and to TGF-B1. Scratch is a mechanical injury, comparable to
disruption of the blood supply, leading to hypoxia and reduced ARSB activity. TGF-B1 exposure
is a cytokine-mediated stimulation, leading to increased CHST11 by transcriptional activation of
MRNA expression. Both effects lead to increased C4S, either through inhibition of ARSB or
stimulation of CHST11, as summarized in Figure 8.

The PBBI model is distinct from the models of hypoxia initiated by arterial occlusion [Yao
et al., 2008]. In the PBBI model, brain oxygen tension was stable when the fraction of inspired
oxygen was maintained at ~0.26 [Murakami et al., 2012]. However, the brain oxygen tension
declined by about 40% in the peri-lesional site immediately following unilateral frontal 10% PBBI,
compared to sham controls, and this decline was sustained for at least 150 minutes following
trauma [Leung et al, 2013]. Hence, the PBBI produced hypoxia, and hypoxia has been shown to
reduce ARSB activity by inhibition of the post-translational modification of ARSB to its active

form [Bhattacharyya and Tobacman, 2012]. The measured decline in ARSB activity in the brain
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tissue following PBBI and in the cultured astrocytes following scratch resemble the effects of
hypoxia on ARSB activity. No significant changes in ARSB mRNA expression were observed in
PBBI or following scratch. However, decline in ARSB activity is consistent with inhibition of the
post-translational modification of ARSB, which requires oxygen and the formylglycine-
generating enzyme. The observed increase in activated HIF-1a at the 24 h time point in the
PBBI model is attributable to hypoxia from disruption of oxygen delivery following trauma. HIF-
1la mMRNA expression at 12 and 24 hours in the PBBI model was previously demonstrated to
increase [Yao et al., 2008]. In this report, the PBBI studies were performed at 24 hours,
consistent with the time interval in the previous studies [Boutté et al., 2012; Yao et al., 2008;
Cartagena et al., 2014]. In the cell-based model, the experiments were performed at 72 hours,
consistent with previous studies in the cultured astrocyte model [Yu P et al, 2012].

C4S and CSPG represent major components of the glial scar, which prevents the
regeneration of axons. Astrocytes respond to a variety of CNS insults, including injury, with
morphological and molecular changes. Reactive astrocytes migrate, proliferate, and form the
glial scar, a physical and biochemical barrier that limits the extent of injury, but is also
responsible for the failure of axonal regeneration. The carbohydrate moiety of CSPG,
chondroitin sulfate (CS) glycosaminoglycans (CS-GAGSs), and in particular C4S-GAGs, are
largely responsible for the axonal inhibitory properties of the glial scar [Silver and Miller, 2004;
Laabs et al., 2007]. Since the phenotype of reactive astrocytes is not homogeneous and
depends on the type of insult [Zamanian et al., 2012; Sofroniew, 2014; Malhotra et al., 1997],
both the scratch wound, mechanical model [Guizzetti et al., 1996] and the transforming growth
factor 1 (TGF-B1), chemical astrogliosis model [Yu et al., 2012] were tested for their effects on
ARSB, CHST11, and C4S. The scratch model of injury in the astrocyte cell cultures has been
regarded as a mechanical insult and distinct from hypoxia. In the scratch studies in this report,
nuclear HIF-1a and ARSB were affected, consistent with hypoxic insult, perhaps arising from

disruption of cell membranes by the scratch injury. Some reported findings, such as changes in
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p38 MAPK, indicate overlap between the effects of the two models [Roy Choudhury et al., 2014].
No increase in TGF-B1 expression occurred following scratch or exogenous TGF-B1 in the
astrocytes, whereas TGF-1 mRNA increased in the PBBI injury (Fig. 7). These results indicate
that the reactive astrocytes in the cell-based model do not have a significant increase of TGF-
B1, and suggest that the source of the increased TGF-B1 in TBI and in PBBI is from infiltrating
inflammatory cells or the resident microglia [Weiser-Alves and Milner, 2013; Perry and Gordon,
1988; Streit et al, 1988]. Other activating molecules, which were not present in the in vitro cell
model, may be necessary for the upregulation of TGF-B1 in astrocytes. Astrocyte stimulation
with TGF-B1 or lipopolysaccharide (LPS) plus interferon (IFN)-y did not increase TGF-f1
expression; however, when given together, TGF-f1 expression was upregulated [Hamby et al.,
2012].

An underlying consideration intrinsic to this report is the extent to which other
posttraumatic findings in TBI might be attributable to the decline in the ARSB and the
associated increase in chondroitin 4-sulfation. Based on our findings in human epithelial cells
[Bhattacharyya and Tobacman, 2012; Bhattacharyya et al., 2014a; Bhattacharyya et al., 2014b],
it is likely that transcriptional events will occur when ARSB is reduced, due to decline in binding
of galectin-3 to the more highly sulfated C4S and to the role of galectin-3 as a co-transcriptional
activator of AP-1 and Spl. Also, effects on the transcription of CHST11 were identified when
ARSB was reduced in human colonic epithelial cells [Bhattacharyya et al., 2014c], attributable to
increased binding of bone morphogenetic protein (BMP)-4 to more highly sulfated C4S present
when ARSB activity was reduced, leading to decline in the activation of Smad signaling. Effects
of TGF-f on CHST11 transcription also proceed through the Smads [Susaria et al., 2011],
suggesting that the transcriptional impact of TGF-p on CHST11 may also be regulated by
chondroitin 4-sulfation and ARSB. However, like exogenous recombinant BMP-4 in the colonic

epithelial cells, TGF-p from inflammatory cells in PBBI or exogenous TGF-§ in the astrocyte
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model may directly interact with cellular receptors and stimulate Smad signaling and CHST11
transcription.

Traditionally, astrogliosis and the formation of the glial scar have been considered an
impediment to functional recovery. However, recent studies suggest that astrogliosis represents
an adaptive response to a variety of CNS insults and therefore is now viewed as beneficial
process directed at wound repair and tissue protection. Indeed, the prevention of astrogliosis or
astrocyte scar formation has been shown to increase inflammation and tissue damage and
impair functional recovery in traumatic injury, stroke, infection, inflammation, and
neurodegenerative disorders (Sofroniew, 2015). In contrast, under certain circumstances,
astrogliosis can engender maladaptive effects leading to harmful effects. The maost recognized
detrimental effect of astrogliosis and of the glial scar is the inhibition of axon regeneration after
brain injury (Silver and Miller 2004). However, because of the beneficial roles of astrogliosis and
the glial scar in restricting inflammation and protecting healthy tissue adjacent to lesions, the
modulation of glial scar components with the intent of promoting axonal regeneration needs to
be carried out with caution and in a targeted manner. Numerous studies investigated the
possible use of bacterial chondroitinase ABC (ChABC), which degrades CS-GAGs, to restore
axonal outgrowth after CNS injury and in vivo and in vitro studies have shown that this enzyme
stimulates axonal regeneration and functional recovery (Zhao and Fawcett, 2013, Crespo et al.,
2007, Rhodes and Fawcett, 2004). However, the bacterial origin of ChABC can trigger immune
responses and for this reason its use in human therapy has not been successful (Crespo et al,
2007).

The present study identifies ARSB as a novel therapeutic target for the treatment of CNS
injury. Prior studies showed that recombinant ARSB restored neurite outgrowth in vitro (Zhang
et al, 2014), and recombinant ARSB infusion in the spinal cord after injury decreased CS-GAG
levels and increased locomotor function (Yoo et al, 2013). Recombinant human ARSB is

clinically effective in treatment of the congenital disorder Mucopolysaccharidosis VI [39,40].
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Together, these findings suggest that ARSB might be useful as a therapeutic intervention for
traumatic brain injury. Future investigations will further assess the interactions between reduced
degradation and increased production of C4S on the characteristics of brain injury and the
responsiveness to interventions aimed at inhibition of C4S accumulation.
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FIGURE LEGENDS

Fig. 1. Decline in arylsulfatase B activity following injury

A. In the PBBI-I tissue, ARSB activity was significantly reduced at 24 h (p<0.001; one-way
ANOVA with Tukey-Kramer post-test), in contrast to the contralateral tissue or the sham
operated tissues. All statistical analysis was performed with one-way ANOVA and Tukey-
Kramer post-test. Graphs show mean values of at least three independent samples, with
technical replicates of each measurement, and the standard deviation.

B. In the cultured rat astrocytes, scratch, but not TGF-B1 treatment, produced significant

decline in ARSB activity (p<0.001).

C. The mRNA expression of ARSB was not significantly less in the PBBI-I tissue.

D. The mRNA expression of ARSB was not significantly less following scratch than following
exposure to TGF-p1.

[Abbreviations in the figures are: ARSB=arylsulfatase B; C4S=chondroitin 4-sulfate;
CHST11=carbohydrate (chondroitin-4) sulfotransferase 11=chondroitin 4-sulfotransferase;
GAG=glycosaminoglycan; GFAP=glial fibrillary-acidic protein; NCAN=neurocan; N.S.=no
significant difference; PBBI-C=penetrating ballistic like brain injury, contralateral; PBBI-
I=penetrating ballistic-like brain injury, ipsilateral; SHAM-C=contralateral sham control; SHAM-
1=ipsilateral sham control; TGF=transforming growth factor]

Fig. 2. Sulfotransferase activity and CHST11 mRNA expression increased following injury
A. Sulfotransferase activity was measured in the brain tissue, and was significantly greater in
the PBBI-I than in the contralateral tissue or in the sham-operated tissue (p<0.001).

B. In the astrocyte model, sulfotransferase activity increased following TGF-B1 exposure,

but not following scratch (p<0.001).

C. CHSTL11 expression was significantly increased at 24 hours in the PBBI-I tissue, compared
with the shame-injured tissue or the PBBI-C (p<0.01, p<0.05, respectively).

D. CHST11 expression was increased in the astrocytes following TGF-1 (p<0.05), but not
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scratch. The combination of scratch and TGF-B1 further increased the CHST11 expression

from the value following TGF-B1 alone (p<0.01).

Fig. 3. Increase in total sulfated glycosaminoglycans and chondroitin 4-sulfate following
injury

A. In the brain injury model, total sulfated glycosaminoglycans (GAGs) were significantly
increased at 24 h in the ipsilateral injury (p<0.001), but not in the contralateral brain or in the
sham-injury models.

B. In the brain injury model, chondroitin 4-sulfate (C4S) increased at 24 h in the ipsilateral injury
to 12.6 + 1.2 pug/mg protein from a baseline of 8.1 + 0.8 ug/mg protein in the sham ipsilateral
injury (p<0.001).

C. In the cultured rat astrocytes, both scratch (p<0.001) and TGF-B1 (p<0.01) induced increases
in total sulfated GAGs. The combination of scratch and TGF-B-1 further increased the level
compared to TGF-B1 alone (p<0.01).

D. Corresponding to the increases in total sulfated GAG in the cultured rat astrocytes, both
scratch (p<0.001) and TGF-B1 (p<0.01) increased C4S. Following scratch, the C4S increased to
12.2 + 0.9 pug/mg protein from a baseline of 7.3 £ 0.5 ug/mg protein. TGF-B1 exposure increased
the level to 10.7 £ 0.2 ug/mg protein, and the combination produced an increase to 15.1 + 0.9
ug/mg protein, significantly higher than the levels from either stimulus alone (p<0.01 compared
to scratch, and p<0.001 compared to TGF-B1 alone).

Fig. 4. Increase in neurocan and in C4S immunoprecipitated neurocan following injury

A. Neurocan, as measured by ELISA, showed significant increase in the ipsilateral

traumatized brain tissue (p<0.001).

B. The C4S that immunoprecipitated with neurocan, expressed as ng C4S per ng neurocan,
increased following injury, compared to the SHAM controls (p<0.001) and to PBBI-C (p<0.01).
This increase is substantial, since the neurocan content

was also increased post-trauma. The increase in C4S is attributable to both impaired
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degradation due to decline in ARSB and increased production due to higher levels of CHST11
expression and sulfotransferase activity.

C. The neurocan mRNA was significantly increased at 24 hours in PBBI-I (p<0.001).

D. In the astrocytes, the neurocan mMRNA increased following TGF-B1 (p<0.001), but not
scratch. The combination of scratch and TGF-B1 further increased the neurocan expression
over TGF-B1 alone (p<0.01).

Fig. 5. Increases in Neurocan and Glial Fibrillary-Acidic Protein following TBI

A-H. Confocal images confirm the increase in neurocan shown by ELISA and mRNA above,
comparing the contralateral control tissue (PBBI-C) (A-D) and the PBBI-I tissue (E-H).

Both neurocan (green - B, F) and GFAP (red - C, G) increased following injury, as shown by the
increases in the PBBI-I images, compared to the contralateral PBBI-C control images. Merged
images show colocalization of the neurocan and the GFAP in the injured tissue (H), with little
staining in the control (D).

I. mMRNA expression of GFAP was markedly increased at 24 hours in the PBBI-I tissue,
compared to PBBI-C (p<0.01) and sham controls (p<0.001).

J. In the astrocyte model, mMRNA expression of GFAP was significantly increased by the
combination of scratch and TGF-B1 exposure (p<0.01).

Fig. 6. Increased nuclear HIF-1o following injury

A. Nuclear HIF-1o increased following injury in the PBBI-I model (p<0.001), compared to the
controls.

B. Activated HIF-10 increased following scratch (p<0.001) and the combination of scratch and
TGF-B1, but not following TGF-B1 exposure in the cultured rat astrocytes.

Fig. 7. Transforming growth factor (TGF)-p1 mRNA increased in PBBI-I, but not following
scratch

A. In the PBBI-I model, mMRNA expression of TGF-1 was increased at 24 h (p<0.001),

compared to the controls.
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B. In the scratch model of cell injury and following exposure to exogenous TGF-Bf1, mRNA
expression of TGF-B1 did not increase significantly.

Fig. 8. Schematic showing two pathways by which chondroitin 4-sulfate increases post-
TBI.

C4S increases due to reduced degradation and increased synthesis. Reduced degradation is
attributable to hypoxia-induced decline in ARSB activation following injury, with disruption of
normal tissue oxygenation and structure, leading to accumulation of more highly sulfated C4S.
C4S also accumulates due to increased synthesis from TGF-pl-induced increase in CHST11

expression with increased sulfotransferase activity.
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Fig. 1. Decline in arylsulfatase B activity following injury
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Fig. 2. Sulfotransferase activity and CHST11 mRNA expression increase following injury
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Fig. 3. Increase in total sulfated glycosaminoglycans and chondroitin 4-sulfate following

injury.
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Fig. 4 Increase in neurocan and in C4S that immunoprecipitates with neurocan following

injury.
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Fig. 5. Increases in neurocan and glial fibrillary-acidic protein following injury.
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Fig. 6. Increased nuclear HIF-1a following injury.
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Fig. 7. TGF-B1 expression in injury models.
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Fig. 8. Chondroitin 4-sulfate increases due to combination of effects, with inhibition of
degradation due to decline in ARSB and enhancement of synthesis due to increase in

TGF-B and CHST11.
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