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a b s t r a c t

Traumatic spinal cord injury (SCI) is a devastating event for which functional recovery remains elusive.
Due to the complex nature of SCI pathology, a combination treatment strategy will likely be required for
success. We hypothesized that tissue and functional repair would be achieved in a rat model of impact-
compression SCI by combining degradation of the glial scar, using chondroitinase ABC (ChABC), with
recruitment of endogenous neural precursor cells (NPCs), using stromal cell-derived factor 1a (SDF). To
test this hypothesis, we designed a crosslinked methylcellulose hydrogel (XMC) for minimally invasive,
localized, and sustained intrathecal drug delivery. ChABC was released from XMC using protein-peptide
affinity interactions while SDF was delivered by electrostatic affinity interactions from polymeric
nanoparticles embedded in XMC. Rats with SCI were treated acutely with a combination of SDF and
ChABC, SDF alone, ChABC alone, or vehicle alone, and compared to injury only. Treatment with ChABC,
both alone and in combination with SDF, resulted in faster and more sustained behavioural improvement
over time than other groups. The significantly reduced chondroitin sulfate proteoglycan levels and
greater distribution of NPCs throughout the spinal cord tissue with ChABC delivery, both alone and in
combination with SDF, may explain the improved locomotor function. Treatment with SDF alone had no
apparent effect on NPC number or distribution nor synergistic effect with ChABC delivery. Thus, in this
model of SCI, tissue and functional repair is attributed to ChABC.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Traumatic spinal cord injury (SCI) results in a devastating loss of
sensory and motor function with no current drug treatments that
can consistently restore function. Although there is some sponta-
neous regenerative response following SCI, it is insufficient for
meaningful recovery. For example, axons will form new growth
cones shortly after injury; however, the lack of guidance informa-
tion and the presence of inhibitory molecules, including the glial
scar, causes growth to arrest, resulting in dystrophic end bulbs [1,2].
Similarly, a spontaneous regenerative response that includes
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activation, proliferation, and migration of endogenous neural pre-
cursor cells (NPCs) from the ependyma of the central canal to the
injury site is initiated after injury [3], but does not induce mean-
ingful functional recovery. Regenerative therapies that can both
extend or amplify the endogenous regenerative response and
mitigate the inhibitory injury environment are promising treat-
ment options.

Stromal cell-derived factor 1a (SDF) is a chemokine that plays a
critical role in the development of the central nervous system (CNS)
and is increasingly considered a major effector of endogenous
neural precursor cell (NPC) migration after injury [4]. The epen-
dymal cells lining the central canal, where multipotent neural stem
cells reside in the rodent spinal cord [5,6], express the SDF receptor
CXCR4 [7] and increased SDF expression has been correlated with
NPC homing to sites of brain and spinal cord injury [8,9]. In vitro,
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SDF promotes NPCmigration in a concentration dependent manner
[9,10]. Moreover, intrathecal infusion of SDF at the site of SCI
improved BBB scores in rats compared to vehicle controls after 7
days [11].

Chondroitinase ABC (ChABC) is an enzyme that degrades the
sulfated glycosaminoglycan chains on the chondroitin sulfate pro-
teoglycans (CSPGs) that are a major inhibitory component of the
glial scar. Degradation of the glial scar has been shown to promote
axonal growth resulting in functional recovery in rodent models of
SCI [12]. ChABC also degrades the CSPGs that form perineuronal
nets, thereby enhancing axonal sprouting and plasticity [13].
Combining ChABC with cell transplant improves migration and
survival of the transplanted cells, and functional recovery [14e16].
We hypothesized that co-delivering ChABC and SDF would increase
endogenous neural precursor cell homing to the injury site and
improve their survival and distribution within the tissue.

As both ChABC and SDF suffer from short half-lives in vivo,
multiple injections or prolonged release strategies are required.
SDF is quickly cleaved into a truncated, inactive form byMMP2 [17],
which is upregulated after SCI [18]. ChABC is thermally unstable
[19] and remains active for less than 4 days within tissue [20]. To
sustain release, ChABC and SDF are usually delivered by multiple
bolus intrathecal injections or intrathecal infusion; however, these
methods are invasive and prone to complications and infection
when an external catheter is used [21]. Alternative strategies based
on affinity and electrostatic interactions have recently emerged to
control local release of these two molecules, obviating the need for
the catheter/minipump system [22e24]. By taking advantage of the
affinity between Src homology 3 (SH3) and its binding peptides,
sustained release of bioactive ChABC was achieved in vitro for at
least 7 days [22]. Briefly, a fusion protein of ChABC-SH3with kinetic
activity identical to unmodified ChABC was released from a cross-
linked methylcellulose (XMC) hydrogel modified with SH3 binding
peptides. Release of His-SH3-ChABC-FLAG was quantified using a
double-tag ELISA with the N-terminal His-tag binding to a nickel-
coated plate and the C-terminal FLAG tag detected using an anti-
FLAG antibody. Thus, only intact, full-length ChABC-SH3 was
detected. The released ChABC-SH3 fusionwas active over the entire
7-day release period. By taking advantage of the transient elec-
trostatic interactions between negatively charged poly(lactic-co-
glycolic acid) (PLGA) nanoparticles (np) and positively charged
SDF, the controlled release of bioactive SDFwas achieved for at least
14 days, thereby eliminating the need for SDF encapsulation [24].

Here, we test, for the first time, the co-delivery of ChABC and
SDF in a rat model of impact-compression SCI. ChABC and SDF are
both released from an injectable, biocompatible XMC hydrogel by
affinity and electrostatic mechanisms respectively, after acute SCI
via minimally invasive, intrathecal injection. We examine tissue
and functional recovery, including endogenous chondroitin sulfate
proteoglycan (CSPG) expression and NPC distribution.

2. Materials and methods

2.1. Preparation of crosslinked MC (XMC) with SDF or ChABC-SH3

XMC was prepared as described previously [25]. Briefly, thio-
lated MC (MC-SH) [26] and unmodified MC (300 kDa, Shin-Etsu
Corp.) were dissolved in artificial cerebrospinal fluid (aCSF:
350 mM NaCl, 3 mM KCl, 0.8 mM MgCl2, 1.4 mM CaCl2, 1.5 mM
Na2HPO4, 0.2 mMNaH2PO4) to obtain a final concentration of 5%w/
v total MC and 0.1 mmol thiol/100 ml gel. The gel was crosslinked
using poly(ethylene glycol)-bismaleimide (PEGMI2, 3000 Da, Rapp
Polymere, Tuebingen, Germany) for a final molar ratio of 0.75:1
maleimide to thiol. For SDF-loaded gels, poly(lactic-co-glycolic
acid) nanoparticles (np) (10% wt/v) [27] and recombinant mouse
SDF1a (R&D Systems) (2.5 mg/5 ml) were added to the XMC prior to
crosslinking. For ChABC gels, SH3 binding peptide-modified MC
(MC-pep) [26] and recombinant ChABC-SH3 fusion protein [22]
were added to XMC prior to crosslinking for a final ChABC-SH3
concentration of 0.3 U/5 ml and a final molar ratio of 1:100
ChABC-SH3:SH3 binding peptide.

2.2. Spinal cord injuries and treatment

Animal procedures were performed in accordance with the
Guide to the Care and Use of Experimental Animals developed by
the Canadian Council on Animal Care and approved by the Animal
Care Committee at the Research Institute of the University Health
Network.

2.2.1. ChABC-SH3 penetration study
18 female Sprague Dawley rats (200e250 g; Charles River,

Montreal, Canada) were anesthetized by inhalation of 2.5% iso-
flurane, and a laminectomy was performed at the T1-2 vertebral
level. A moderate impact-compression injury was induced using a
modified aneurysm clip (24.5 g) for 1 min [28].

Immediately after injury, a durotomy rostral to the injury site
was performed with a 30 gauge, bent beveled needle. 10 ml of 5% w/
v MC-peptide containing 350 mM NaCl or 10 ml of 5% w/v MC-
peptide containing 350 mM NaCl and 10 mg ChABC-SH3 was
injected through a 30 gauge, bent blunt-tipped needle into the
intrathecal space in a caudal direction. The needle was held in place
for 1 min before removal.

Following injection, the overlying muscles and fascia were su-
tured closed with Vicryl 3-0, and the rats were placed under a heat
lamp for recovery. Buprenorphine (0.03 mg/kg) was administered
every 12 h for 3 days postsurgery for pain management.

Animals were grouped as follows: MC-pep (n ¼ 6) and MC-pep/
ChABC (n ¼ 12) and used for the tissue ELISA described below.

2.2.2. For tissue ELISA
2 animals from the control group and 4 animals from the

ChABC-SH3 treated group were sacrificed at each of 2, 7, and 28
days post injury and treatment. A 2 cm length of spinal cord from
each animal encompassing the injury site (observed as a darker,
brown, area on the cord) was harvested and frozen for processing.
Using a tissue chopper, each cord was cut parasagitally into 1 mm
wide pieces. The two central pieces from each cord were embedded
in cryomatrix and sectioned using a cryostat into 100 mm dorso-
ventral sections. Five of these sections were combined into 1 tube
to obtain tissue from 500 mm dorso-ventral depth for analysis by
ELISA.

2.2.3. ChABC/SDF combination therapy
75 female Sprague Dawley rats (200e250 g; Charles River,

Montreal, Canada) were anesthetized by inhalation of 2.5% iso-
flurane, and a laminectomy was performed at the T1-2 vertebral
level. A moderate impact-compression injury was performed as
described above.

Immediately after injury, a durotomy rostral to the injury site
was performed with a 30 gauge, bent beveled needle. 5 ml of blank
XMC-peptide or XMC-peptide containing ChABC-SH3 was injected
through a 30 gauge, bent blunt-tipped needle into the intrathecal
space in a caudal direction, as described above. The needle was held
in place for 1 min before removal. A second durotomy was per-
formed caudal to the injury site in the same way. 5 ml of XMC
containing PLGA np or PLGA np and SDF was injected into the
intrathecal space in a rostral direction such that the two gels
localized at the injury site. The needle was held in place for 1 min
before removal. Following the injections, the overlying muscles and
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fascia were sutured closed with Vicryl 3-0, and the rats were placed
under a heat lamp for recovery. Buprenorphine (0.03 mg/kg) was
administered every 12 h for 3 days postsurgery for pain
management.

Animals were grouped as follows (n ¼ 15 per group): XMC-
pepþ XMC/PLGA np/SDF; XMC-pep/ChABC þ XMC/PLGA np; XMC-
pep/ChABCþ XMC/PLGA/SDF np; XMC-pepþ XMC/PLGA np; Injury
only.

2.2.4. For immunohistochemistry
4 animals from each group were sacrificed 2 weeks post injury

and the remainder were sacrificed 8 weeks post injury. Animals
were perfused intracardially with 4% paraformaldehyde in 0.1 M
phosphate buffer under deep anesthesia. A 1.5 cm section of cord
encompassing the injection site was harvested from each animal. A
0.5 cm section of cord encompassing the injury site (observed as a
darker, brown, area on the cord) was cryoprocessed and cut into
20 mm cross-sections for staining. Sections were stored at �80 �C.

2.3. BBB score and BBB motor subscore

General locomotor performance was evaluated weekly for 8
weeks for 11 animals from each group using the Basso, Beattie and
Bresnahan (BBB) 21-point scoring scale [29] and the BBB motor
subscore 7-point scoring scale [30]. Each hindlimb was ranked by
two blinded observers. Scores reflect the average of the two hin-
dlimb scores for each animal.

2.4. Ladder walk

Prior to surgery, animals were handled daily for 5 days and
familiarized with the ladder walk [31] every second day for a total
of 3 days each. After surgery and treatment, animals with a BBB
score of 11 or higher (reflecting occasional weight supported
stepping and forelimb-hindlimb coordination) were tested on the
ladder walk if they achieved BBB scores of 11 or higher. Rungs were
spaced irregularly and the rung arrangement was changed every
week to avoid confounding with learning or memory. Each animal
performed the ladder walk task until 3 uninterrupted runs were
obtained (no pauses). Runs were videotaped and the number of
hindlimb foot faults was counted by a blinded observer. A foot fault
was counted if the ankle of the animal passed below the level of the
ladder rungs. The score for each animal reflects the average of 3
runs.

2.5. Tissue processing

2.5.1. Tissue ELISA
Each tube containing a 500 mm dorso-ventral depth tissue sec-

tion received 400 ml ammonium acetate, pH 8.0 and 4 autoclaved
silica beads. Tissue was homogenized in a bead beater for 1 min,
placed on ice for 2 min and homogenized again for 1 min. Tissue
was pelleted in a microcentrifuge at 14,000 rpm for 20 min at 4 �C.
An in-house HIS/FLAG ELISA was used to analyze the supernatant.
200 ml of ChABC-SH3 protein sample or known standard was added
to each well of a Hisorb Ni-NTA 96-well plate (Qiagen, Toronto, ON)
and incubated for 2 h at 37 �C on an orbital shaker. The wells were
then washed with 250 ml 1� PBS þ0.05% Tween-20 three times for
10 s each with vigorous tapping and blotted dry on paper towels.
200 ml of anti-FLAG antibody (Abcam ab21536) diluted 1:5000 in
1X PBS þ 0.2% BSA was added to each well and incubated at 37 �C
for 2 h on an orbital shaker. The wells were then washed as above
and blotted dry. 200 ml of goat anti-rabbit IgG secondary antibody
coupled with HRP (Abcam ab97051) diluted 1:10000 in 1X
PBS þ 0.2% BSA was added to each well and incubated at room
temperature for 45 min on an orbital shaker. 100 ml of 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) was then
added to each well and incubated at room temperature for 10 min
on an orbital shaker. The absorbance was measured at 405 nmwith
a wavelength correction at 650 nm. Tissue from control animals
was also spiked with ChABC-SH3 and processed in the sameway to
use as the ELISA standard. Protein concentration was calculated
based on the linear range of the standard curve from the same
plate. Protein samples were diluted to fit within this linear range.
Tissue from control animals was processed the same way and used
as a blank.

2.5.2. Tissue staining
The following primary antibodies were used at the indicated

dilutions: mouse monoclonal anti-chondroitin sulfate clone CS-56
(Sigma C8035, 1:100), chicken polyclonal to GFAP (Abcam ab4674,
1:500), rabbit polyclonal to Ki67 (Abcam ab15580, 1:500), mouse
monoclonal to Sox2 (Abcam ab79351, 1:500), ED-1 (Serotec-BioRad
MCA341A488, 1:1000), CD206 (Abcam ab64693, 1:5000). The
following secondary antibodies were used at a 1:500 dilution: goat
anti-mouse IgM heavy chain Alexa Fluor 568 (Thermo Fisher
A21043), goat anti-rabbit IgG Alexa Fluor 488 (Thermo Fisher
A11034), goat anti-mouse IgG Alexa Fluor 647 (Thermo Fisher
A21236), goat anti-chicken IgY Alexa Fluor 568 (Abcam ab175711).
Sections were stained for CSPG, co-stained for Ki67, Sox2, and GFAP,
or co-stained for ED-1 and CD206.

Before staining, slides were allowed to equilibrate to room
temperature for 15 min and rehydrated with 0.1 M PBS with Tween
20 (PBST) for 5 min at room temperature. Slides were incubated
with primary antibodies diluted in PBST overnight at 4 �C. Slides
were washed with PBST 3 times, 5 min each, and incubated with
secondary antibodies and 40,6-damidino-2-phenylindole (DAPI, Life
Technologies) diluted in PBST for 3 h at room temperature. Slides
were washed with PBST 3 times, 5 min each and coverslipped with
ProLong Gold anti-fade reagent (Life Technologies).

2.5.3. Microscopy
Overviews of the samples stained for CSPG were taken using an

inverted Olympus laser scanning confocal microscope equipped
with a motorized stage at 20� magnification. Settings were
adjusted with a blank slide (processed identically but with no
primary antibodies) on each imaging day.

Samples stained for Ki67/Sox2/GFAP were imaged at 10�
magnification using the slide scanning services at Huron Digital
Pathology (Waterloo, ON).

Samples stained for ED-1/CD206 were imaged at 20� magnifi-
cation using the slide scanning services at the University of Toronto
Microscopy Imaging Laboratory.

4 slides with 8 sections each were imaged for each animal.
Sections were 160 mm apart spanning approximately 2800 mm
rostral and caudal to the injury epicentre.

2.5.4. Image analysis and quantification
CSPG, GFAP, and cavity size were analyzed using Fiji software

[32]. Each section was traced in the DAPI channel to determine the
tissue area and cavity area. Cavity area was traced as the areas
devoid of cells. Sections were converted to black and white using
Fiji built-in threshold algorithms. Percent positive area normalized
for the total tissue area was taken as the staining intensity for each
antibody. Sections that were folded or ripped were excluded from
analysis.

Cell counts were done using Imaris software (Bitplane) on two
sections rostral and two sections caudal to the injury site that still
contained an intact central canal (between 1500 mm and 2500 mm
from the injury epicentre depending on the animal). Colocalization
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was performed between the Ki67 and DAPI channels (Ki67 þ cells)
and the Sox2 and DAPI channels (Sox2 positive cells). A spots group
was created for each colocalization channel. Ki67 þ spots that
colocalized with Sox2þ spots were counted as double positive cells
and manually verified. A GFAP threshold was created by placing 3
measurement points in areas that were considered to have back-
ground GFAP staining intensity and the GFAP intensity at these 3
points was averaged to obtain the GFAP background level. Spots
that were in areas below this background level were counted as
Ki67þ/Sox2þ/GFAP-. These spots were also manually verified. A
similar method was employed to quantify ED1þ, CD206þ, and
ED1þ/CD206 positive cells.

2.5.5. Statistical analysis
Statistical analysis was done using GraphPad Prism software

(San Diego, USA). Tests were done using two-way, repeated mea-
sures ANOVA with Tukey's or Dunnett's post hoc test or one-way
ANOVA with Holm-Sidak's post-hoc test with a ¼ 0.1. The exact
test used is described in the caption for each figure.

3. Results

3.1. Tissue penetration

Prior to studying the combined efficacy of ChABC and SDF, we
first tested the diffusion of ChABC-SH3 from its injection site in the
intrathecal space into the spinal cord tissue. We focused on ChABC
sustained release (and not SDF) because ChABC has a significantly
larger molar mass of 131 kDa vs. 8 kDa for SDF and we have pre-
viously demonstrated tissue penetration of proteins of similar
molar mass and pI to SDF [33,34]. ChABC-SH3 was dispersed in the
MC-based hydrogel modified with the SH3-binding peptide,
Fig. 1. ChABC-SH3 released from an intrathecal, methylcellulose hydrogel penetrates do
ChABC detected via ELISA at various depths within the spinal cord at: A) 2, B) 7, and C) 28 d
was injected. The rat spinal cord is about 3.5 mm in diameter. D) Percent of total injected C
Mean þ SD plotted).
KPPVVKKPHYLS, and injected into the dorsal intrathecal space at
the time and site of injury. To measure ChABC tissue penetration,
the spinal cord was dissected and dorsolateral serial sections at
every 500 mmwere combined, processed, and analyzed by ELISA for
ChABC. At both 1 and 7 days after intrathecal gel injection, intact
ChABCwas detected at all depths within the spinal cord (Fig.1A and
B), but was detectable only on the surface of the cord 28 days after
injection (Fig. 1C). Overall, we were able to detect over 10% of the
injected dose within the cord over 28 days (Fig. 1D). Given that we
examined the tissue for ChABC at three specific timepoints, our goal
was not to account for all of the ChABC delivered, but rather to
determinewhether it persisted in the cord for a prolonged period of
time.

3.2. ChABC promotes early and sustained behavioural improvement

To test the combination of controlled ChABC and SDF delivery,
we injected XMC-SH3-binding peptide (XMC-pep) with ChABC-
SH3 and/or composite XMC with PLGA np and SDF into the intra-
thecal space at the lesion site. Animals received one of: (1) XMC
containing PLGA np and SDF plus XMC-pep containing ChABC-SH3
(referred to as SDF þ ChABC), (2) XMC containing PLGA np and SDF
(SDF), (3) XMC-pep containing ChABC-SH3 (ChABC), or 4) vehicle of
XMC-pep and XMC þ PLGA np (vehicle). An additional group of
animals received injury alone with no treatment (injury only).

Animals were tested weekly for BBB locomotor score [29], BBB
motor subscore [30], and on the ladder walk test. First, animals
within each group were analyzed for improvement over time
(Fig. 2A and B). For the motor subscore, only ChABC treated groups
show significant within-group improvement compared to one
week post-injury and treatment (Fig. 2A). Similarly, only ChABC
treated animals show immediate significant and sustained within-
rsolaterally throughout the spinal cord and persists for 7 to 28 days. The amount of
ays after injury and gel injection. 0 represents the dorsal side of the cord where the gel
hABC-SH3 detectable within the entire section of cord. (n ¼ 4 animals per timepoint,



Fig. 2. Application of ChABC results in early and persistent improvement in fine motor skills. Compared to the first week after injury, only ChABC treated groups show sig-
nificant within-group recovery in terms of both A) motor subscore, and B) ladderwalk. C) No significant differences are seen between groups in the BBB scores; however, D) ChABC
treated groups show a higher percentage of animals with BBB scores above ten (weight supported stepping). No significant differences are seen between groups for the E) motor
subscore or F) ladderwalk tasks. (n ¼ 11 animals per group. Mean ± SEM plotted. *p < 0.05, **p < 0.005, ***p < 0.001. A, B: significant differences by repeated measures two-way
ANOVA with Dunnett's post-hoc test compared to week one. C, E, F: significant differences by repeated measures two-way ANOVA with Tukey's post-hoc test).
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group improvement in the ladder walk test over time (Fig. 2B).
None of the other groups showed improvement over time with the
motor subscore or ladderwalk tests, except the vehicle group,
where some spontaneous recovery was observed 6 weeks after
injury in the ladderwalk test, which was much later than the
recovery observed in the ChABC-treated groups. No significant
differences were observed between groups at any timepoint
(Fig. 2CeF); however, there was a trend towards better perfor-
mance in both the SDF þ ChABC and ChABC groups, which had
more animals with BBB scores > 10 (weight bearing steps) (Fig. 2D),



Fig. 3. Local delivery of ChABC-SH3 from XMC-pep intrathecal injection results in
decreased CSPG levels in spinal cord tissue. A) Quantification of immunostained
tissue shows a significant decrease in CSPG levels in ChABC treated groups compared
to vehicle at 2 weeks, but not 8 weeks, after injury. (n ¼ 4 animals per group,
mean ± SD plotted. *p < 0.05, **p < 0.005. Significant differences by one-way ANOVA
with Holm-Sidak's post-hoc test). B) Representative immunostained images of spinal
cord tissue in cross-section from i) ChABC treated group and ii) vehicle treated group 2
weeks after injury at the injury epicentre (blue ¼ DAPI, red ¼ CSPG). Scale
bars ¼ 300 mm. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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the highest motor subscores (Fig. 2E), and the fewest footfalls
(Fig. 2F).

3.3. ChABC decreases chondroitin sulfate proteoglycan (CSPG) levels
for at least 2 weeks

ChABC is known to degrade the glycosaminoglycan chains of the
CSPGs that make up the glial scar. We therefore stained for total
CSPG content at 2 and 8 weeks to test whether our new delivery
strategy also had this effect (Fig. 3). CSPG staining was most intense
around the injury epicenter with observed decreases right at the
epicentre likely due to the loss of fragile tissue within the cavity
during processing (Supplementary Fig. S1). For statistical analysis,
values were averaged 800 mm rostral and caudal from the injury
epicenter. At 2 weeks post injury, animals treated with ChABC
(ChABC and SDFþ ChABC groups), showed a significant decrease in
average CSPG staining intensity compared to the vehicle control.
The SDF group showed a significant increase in average CSPG levels
compared to all other groups at 2 weeks post injury. There were no
significant differences in CSPG levels between groups 8 weeks after
injury. These data suggest that ChABC was bioactive in the injured
spinal cord for at least 2 weeks, but not 8 weeks, after a single in-
jection of the affinity release hydrogel into the intrathecal space.

We next stained for GFAP, since astrocytes are one of the major
contributors to glial scar formation. GFAP staining was also used to
determine cavity size, a common outcome measure after SCI
studies. There were no significant differences in GFAP staining in-
tensity or cavity size at 2 or 8 weeks post injury among any of the
groups (Supplemental Fig. S2).

3.4. ChABC promotes NPC distribution throughout the spinal cord

As SDF has been shown to be a chemoattractant for NPCs, we
analyzed the tissue for proliferating NPCs 2 weeks post injury in
two sections rostral and two sections caudal to the injury site that
contained an intact central canal. Cells were identified as prolifer-
ating NPCs if they stained positive for both Ki67 and Sox2 and
negative for GFAP. Cells that were Ki67þ/Sox2þ/GFAPþ were
counted as proliferating astrocytes and were not included in the
analysis. The distribution of proliferating NPCs within the spinal
cord was also analyzed by measuring the distance of each cell from
the central canal (Fig. 4A and B). ChABC-treated animals had
proliferating NPCs that were distributed significantly farther from
the central canal than animals that received no treatment or those
that received SDF only (Fig. 4A). The position of all the cells with
respect to the central canal is visualized in Fig. 4B. The reduced
CSPGs observed in ChABC-treated groups may explain the greater
distance of NPCs observed in ChABC groups. No significant differ-
ences were observed in the total number of proliferating NPCs
between any of the groups (Fig. 4C), suggesting that SDF did not
stimulate NPCs. Representative tissue staining shows how the
analysis was achieved (Fig. 4D).

Since SDF is also a macrophage stimulating molecule, we
investigated the number of microglia/macrophages as well as the
ratio of alternatively activated M2-type macrophages to total
macrophages in each animal. No differences were observed be-
tween groups in either measure (Supplementary Fig. S3).

4. Discussion

Spinal cord injury has a complex pathophysiology, thus a
combinatorial therapy will likely be required in order to achieve
substantial functional benefit. In this study, we combined ChABC,
an enzyme that can degrade inhibitory components of the glial scar,
with SDF, a chemokine implicated in the migration of endogenous



Fig. 4. Treatment with ChABC increases distribution of NPCs throughout the spinal cord area. A) ChABC significantly increases the average distance of NPCs from the central
canal compared to SDF, vehicle, and injury only groups 2 weeks after injury. B) Distribution of all NPCs around the central canal. C) ChABC did not increase the total number of NPCs
present 2 weeks after injury (n ¼ 4 animals per group, mean ± SD plotted, yp < 0.1, *p < 0.05; significant differences by one-way ANOVA with Holm-Sidak's post-hoc test). D)
Representative images of spinal cord tissue cross-section from the ChABC-treated group 2 weeks after injury showing i) DAPI (blue), ii) Ki67 (green), iii) Sox2 (red), iv) GFAP
(yellow), v) overlay of DAPI/Sox2/Ki67 (white arrows show Sox2þ/Ki67 þ proliferating NPCs or astrocytes), vi) overlay of DAPI/Sox2/Ki67/GFAP (white arrows indicate Sox2þ/
Ki67þ/GFAP- proliferating NPCs). Dotted line indicates central canal. Insets show zoomed images of the same two Sox2þ/Ki67þ/GFAP- cells. Scale bar ¼ 27 mm. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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NPCs to injury sites in the brain and spinal cord [7e9]. The com-
bination of ChABC and SDF has not been tested in SCI previously.

We hypothesized that SDF would increase migration of endog-
enous NPCs to the injury site while degradation of the glial scar by
CSPG would further enhance the distribution and survival of these
cells, resulting in improved tissue and functional repair compared
to either treatment alone. To test our hypothesis, we took advan-
tage of innovative delivery strategies that allow independent and
sustained, bioactive release of both factors to the injured cord
[22,24,25].

We applied this dual controlled delivery system to rats with clip
impact-compression injuries at the T1/T2 level and monitored
behavioural recovery over eight weeks. Groups treatedwith ChABC,
both alone and in combination with SDF, performed better on
average at all timepoints, and were the only groups to show sig-
nificant early and sustained within-group functional locomotor
recovery over time when compared to one week post injury.

The behavioural improvements observed in the ChABC-treated
groups are correlated with significantly lower CSPG levels and
greater dispersion of NPCs within the tissue at the two-week
timepoint. Although this study cannot definitively show causa-
tion, we hypothesize that both increased NPC dispersal and
behavioural improvements are due to the decrease in CSPG, as
observed in previous studies [15,35]. ChABC remains active within
spinal cord tissue up to four days after a single injection [20] and its
effects on CSPG levels last for up to ten days [36]. Based on previous
studies, our system can achieve release of bioactive ChABC for at
least seven days in vitro. Assuming a similar in vivo release profile,
our hydrogel system can be expected to affect CSPG levels in vivo for
approximately 20 days post injection. Indeed, we see concomitant
behavioural improvements in the first few weeks after injury that
persist throughout our 8 week study.

CSPG levels returned to control values at eight weeks post
injury. Not surprisingly, our system was unable to decrease CSPG
levels this long after injection. Multiple injections are a possibility,
but it is undesirable to re-expose the injury site. Therefore, to
extend the duration of behavioural improvement after a single in-
jection of gel, the duration of ChABC release may need to be
increased. Using our controlled release system, this can be achieved
by increasing the concentration of SH3 binding peptide within the
gel or changing the binding peptide to one with a stronger binding
affinity [23]. In order to overcome ChABC instability over a longer
time period, ChABC could be modified for improved stability by
site-directed mutagenesis [37].

Another strategy is viral-mediated ChABC gene delivery to host
cells [38,39]. Since the ChABC is secreted by host cells at the injury
site, thermal instability is not an issue. Bartus et al. showed sig-
nificant functional recovery in a rat model of SCI after viral delivery
of ChABC [39]. Notwithstanding these exciting results, since Bartus
et al. used a contusion model at T10/T11 and we used a clip
compression model at T1/T2, a direct comparison cannot be made.
Additionally, viral gene delivery still has significant challenges to
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overcome, including the presence of neutralizing antibodies in vivo,
immune-mediated elimination of transduced cells, and the po-
tential lack of receptors for viral internalization on target cells [40].

Although other studies using ChABC treatment for SCI have
shown significant behavioural recovery relative to controls
[39,41,42], many have not shown improvement [43e45], and even
fewer see these improvements in BBB scores, a gross measure of
motor function. The largest improvements in BBB after ChABC
treatment were shown by Caggiano et al. in a severe contusion
injury model where the BBB score improved from 4 with control
treatment to 8 within four weeks. Caggiano et al. also observed that
the effect of ChABC treatment on BBB decreased with decreasing
injury severity, perhaps because rats show considerable sponta-
neous recovery after mild injuries, often masking any beneficial
effects of treatment [42]. The BBB scores observed in the present
study are similar to those observed with Caggiano's mild injury,
suggesting that the severity of the injury used here was insufficient
to observe significant differences in a measure such as BBB score. In
contrast, fine locomotor skills, such as foot faults and motor sub-
scores, did show significant behavioural improvement within the
ChABC groups, underscoring the benefit of this treatment strategy.

The timing of glial scar degradation is also an important factor in
SCI treatments. Ablation of astrocytes, the main cellular component
of the glial scar [46,47], or prevention of CSPG synthesis using
xyloside [48] have been linked to negative effects such as increased
cavity size and neuronal degeneration. In the acute injury phase,
the glial scar has been suggested to stop the spread of damage [49].
Although ChABC is naturally delayed in its action, some studies
have administered the enzyme in the sub-acute injury phase (four
days post injury) in order to avoid possible negative effects [15,50].
While no differences in cavity size and number of GFAP-labelled
astrocytes were observed between groups following acute admin-
istration of ChABC in this study, the positive effects of controlled
release ChABCmay be enhanced by administration in the sub-acute
injury phase.

SDF treatment alone resulted in an increase in CSPG levels at
two weeks, but not eight weeks, post injury. SDF is a potent
monocyte chemoattractant and monocyte-derived macrophages
also contribute to CSPG secretion within the injury site [51].
Additionally, astrocytes that are in close proximity to phagocytic
cells have been shown to increase their CSPG production [52,53].
While no differences were seen in the number of GFAP-positive
astrocytes nor in the number of ED1þ microglia/macrophages be-
tween groups, this does not preclude their role in the increased
CSPG levels observed in the SDF group as microglia/macrophage
numbers peak four to eight days after injury [54], which is earlier
than our first timepoint. Since this increase in CSPG levels was not
seen in the combined treatment group of SDF þ ChABC, the
degradation of CSPGs by ChABC is dominant over the effect of SDF.

We chose to co-deliver SDF because it is implicated in NPC
migration in the spinal cord [9]. We therefore looked for prolifer-
ating NPCs based on co-expression of Ki67 and Sox2, but not GFAP
(to exclude proliferating astrocytes). Since the clip compression
injury model disrupts the central canal, where the multipotent
endogenous stem cells of the spinal cord reside [5], dye-based pre-
labeling of the ependymal cell populationwas not possible. Instead,
we examined tissue rostral and caudal to the injury epicenter
where the central canal was still intact. In this study, we observed
no differences in Ki67þ/Sox2þ/GFAP- cell numbers between
groups and overall numbers of proliferating NPCs were very low.
After SCI, the proliferation of endogenous spinal cord stem cells
returns to baseline levels within two weeks [3] and migrating
ependymal cells lose their expression of Sox2 by two weeks post
injury and begin to differentiate [55]. Although we cannot
conclude, based on these data, that SDF had no effect on NPC
migration, we can conclude that any effect did not translate into
significant functional improvement.

Interestingly, the average distance of proliferating NPCs from
the central canal was significantly higher in ChABC treated groups,
suggesting that ChABC enhances cell migration/distribution, which
is consistent with other studies [14e16].

Overall, the beneficial tissue and functional outcomes observed
in this study are solely due ChABC treatment. ChABC treatment
reduced CSPG levels, enhanced NPC migration, and resulted in
significantly improved within-group locomotor function over time.
In addition, we demonstrated these benefits using a minimally
invasive, local ChABC delivery system, in a clinically relevant,
impact-compression injury model. While SDF did not impact
regeneration thewaywe had anticipated, a different SCImodel may
be required to elucidate its effects and optimize its delivery. Despite
these positive results, we recognize that ChABC treatment alone is
insufficient for full functional recovery and thus, while SDFmay not
be the optimal factor for co-delivery with ChABC, other regenera-
tive and/or neuroprotective factors may be required. The delivery
system highlighted herein provides a convenient platform to test
different combination strategies.
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