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Chondroitinase ABC (ChABC) in combination with rehabilitation has been shown to promote functional recovery in acute spinal cord
injury. For clinical use, the optimal treatment window is concurrent with the beginning of rehabilitation, usually 2– 4 weeks after injury.
We show that ChABC is effective when given 4 weeks after injury combined with rehabilitation. After C4 dorsal spinal cord injury, rats
received no treatment for 4 weeks. They then received either ChABC or penicillinase control treatment followed by hour-long daily
rehabilitation specific for skilled paw reaching. Animals that received both ChABC and task-specific rehabilitation showed the greatest
recovery in skilled paw reaching, approaching similar levels to animals that were treated at the time of injury. There was also a modest
increase in skilled paw reaching ability in animals receiving task-specific rehabilitation alone. Animals treated with ChABC and task-
specific rehabilitation also showed improvement in ladder and beam walking. ChABC increased sprouting of the corticospinal tract, and
these sprouts had more vGlut1 �ve presynaptic boutons than controls. Animals that received rehabilitation showed an increase in
perineuronal net number and staining intensity. Our results indicate that ChABC treatment opens a window of opportunity in chronic
spinal cord lesions, allowing rehabilitation to improve functional recovery.

Introduction
Many compounds stimulate axon regeneration or plasticity in
the injured spinal cord. In most experiments, these have been
applied around the time of injury. For human patients, however,
while it is possible in selected cases to apply a regenerative treat-
ment soon after injury, this timing is far from optimal. Many
patients are either too ill, or it is not possible to fit another inter-
vention into the clinical plan. The functional outcome soon after
injury is also very uncertain, and this variability makes it neces-
sary to include large patient numbers in clinical trials (Fawcett et
al., 2007; Lammertse et al., 2007; Steeves et al., 2007; Tuszynski et
al., 2007). The optimal time to initiate treatment would be at the
same time as rehabilitation (rehab) is begun, usually 2– 4 weeks
after injury. So far, few potential therapeutics have been tested in
animal models of chronic spinal cord injury (SCI). Limited func-
tional recovery has been seen using olfactory ensheathing cells
(Keyvan-Fouladi et al., 2003, 2005); neurotrophins with bone
marrow stroma cells (Kadoya et al., 2009), with fetal transplants

(Coumans et al., 2001; Zurita et al., 2001) or neurotrophin-
secreting fibroblasts (Shumsky et al., 2003; Tobias et al., 2003);
grafts of intercostal nerves (Fraidakis et al., 2004) and preinjured
sural nerve (Feng et al., 2008); and chondroitinase in combina-
tion with peripheral nerve grafts (Tom et al., 2009a) or adult
neural stem/progenitor cells (Karimi-Abdolrezaee et al., 2006,
2010).

The bacterial enzyme chondroitinase ABC (ChABC), which
digests extracellular chondroitin sulfate proteoglycans (CSPGs),
has been shown to enhance axonal regeneration both in vitro and
in vivo (Zuo et al., 1998; Yick et al., 2000, 2003; Bradbury et al.,
2002; Moon et al., 2002; Tester and Howland, 2008). ChABC also
reactivates plasticity in the adult CNS (Pizzorusso et al., 2002;
Galtrey et al., 2007), its main target being digestion of perineuro-
nal nets (Carulli et al., 2010). Its positive effects on recovery of
function after SCI are probably mainly due to enhancement of
plasticity rather than long-distance axonal regeneration (García-
Alías et al., 2009). In clinical practice, rehabilitation is used to
drive the limited plasticity of the adult CNS, and has various
effects on cellular and molecular functions (Vaynman and
Gomez-Pinilla, 2005; Cotman et al., 2007; Ying et al., 2008). Re-
cent results from our laboratory have shown that in an acute
treatment model, ChABC-enhanced plasticity greatly increases
the efficacy of specific rehabilitation. The present study is aimed
at assessing the effectiveness of ChABC treatment on chronic SCI.
ChABC paired with specific rehabilitation was delivered to ani-
mals 4 weeks after SCI. The method and timing of treatment and
its combination with rehabilitation closely parallel the way in
which a regenerative treatment might be delivered to human
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patients. There was significant functional recovery in skilled paw
reaching and other forelimb motor functions accompanied by
increased spouting and synapse formation by corticospinal and
serotonergic axons. Our results suggest that delayed ChABC
treatment would be effective if given to patients as they start
rehabilitation after SCI.

Materials and Methods
All procedures were performed in compliance with the UK Animals (Sci-
entific Procedures) Act 1986 and institutional guidelines.

Spinal cord injury
Male Lister hooded rats (150 –200 g) were deeply anesthetized with 1–2%
isoflurane in a mixture of 25% nitrous oxide, 50% oxygen and air. An SCI
was performed as previously described by (García-Alías et al., 2009).
Briefly, a C4 laminectomy was performed exposing the spinal cord be-
neath. A cut was made with the tips of sharpened fine forceps (Dumont
no. 5) inserted 2 mm in depth into the spinal cord parenchyma spanning
the gap between the dorsal root entries and down to the spinal canal. The
injury included the descending dorsal corticospinal tracts (CSTs) and the
ascending sensory dorsal columns.

Drug delivery to chronic SCI
One month after the SCI, the animals were anesthetized as before and the
C4 vertebrum re-exposed. The overlying scar tissue was carefully dis-
sected away to expose the cord 2 mm above and below the lesion. Lami-
nectomy of the C3 and C5 vertebra was performed if necessary to allow a
clear field for injection. Two 1 �l injections 2 mm above and below the
lesion site of either ChABC (100 U/ml, protease free, Seikagaku) or con-
trol bacterial enzyme [penicillinase (Pen), 2 mg/ml matched for protein
content, Sigma] were made through a pulled glass capillary with a tip
diameter of �20 �m (Harvard Instruments) at the rate of 6 �l/h. A 32
gauge catheter (ReCathCo) was inserted intrathecally through the open-
ing of the cisterna magna, with the tip lying on top of the injury. The tube
was fixed onto the skull and externalized over the head between the eyes.
The animals received a total of five injections of ChABC through the
cannula (3 �l, 100 U/ml per injection, Acorda Therapeutics) or Pen (3 �l,
100 U/ml per injection), once every 2 d following surgery. This is the
same protocol of administration used in our previous studies (García-
Alías et al., 2008, 2009). Previous work from our group has shown that
active ChABC can be retrieved for up to 3 weeks after intraparenchymal
injections (Lin et al., 2008, Hyatt et al., 2010).

Experimental groups
The animals were divided into four experimental groups. All the animals
received the cervical SCI, and chondroitinase or penicillinase infusion
with or without task-specific rehabilitation as follows: ChABC rehab
group (n � 13); Pen rehab group (n � 11); ChABC no rehab group (n �
10); or Pen no rehab group (n � 10). Because of the large number of
animals, the experiment was performed in two stages. Each stage con-
tained control animals that received ChABC or Pen without rehabilita-
tion. There was no difference in behavioral recovery between the groups
in the two stages.

Task-specific rehabilitation
One week after the injection of the treatment into the spinal cord, one
group of the animals receiving ChABC and one group of the animals
receiving penicillinase were started on task-specific rehabilitation.
Briefly, the animals were placed in the Montoya-type staircase reaching
cages (Montoya et al., 1991; Galtrey et al., 2007). The device contains a
staircase of seven small wells 8 mm deep at increasing distance from the
rat on either side of a central divide. The wells were overfilled with a
variety of seeds, and animals were encouraged to grasp for the seeds for 30
min twice daily.

Behavioral assessment
Staircase reaching task. For 3 weeks before injury, animals were trained to
grasp and eat sugar pellets from the Montoya-type staircase device, the
same as the one used for task-specific rehabilitation, except two sugar
pellets were placed in each well instead of seeds. Thirty percent of the

animals had failed to achieve retrieval of �16 pellets and were excluded
from the study at this stage. For assessment, the rats were given 15 min to
remove and eat as many sugar pellets as possible. The number of pellets
displaced, eaten, or dropped and the maximum level reached was re-
corded (Montoya et al., 1991). The accuracy was calculated as the per-
centage of sugar pellets displaced that were eaten.

Horizontal bar and beam walking. Animals were videotaped walking along
a horizontal ladder 120 cm long with unevenly spaced bars. The total num-
ber of forepaw steps made and the number of slips were recorded. The
animals were also videotaped walking along a beam of decreasing width from
5 to 2 cm, and number of forelimb slips was recorded.

Gait analysis. The forepaws and hindpaws of the animals were inked
with paint of different colors, and footprints were made on paper as the
animals walked along a 120-cm-long runway toward a reward. A series of
at least three sequential steps was used to determine the mean values of
hindlimb base of support and hindlimb and forelimb stride length. The
forepaw and hindpaw stride lengths were determined by measuring the
distance between two consecutive prints and were averaged over three
strides. The base of support was determined by measuring the distance
between two consecutive right and left hindpaw prints (Metz and
Schwab, 2004).

Sensory testing
Sensory testing was performed at the end of the behavioral assessment.
For testing, rats were placed in Plexiglas containers with a wire mesh floor
(pressure test) or a Plexiglas floor (hot-plate test), and acclimatized to the
testing chamber for 10 min. Fine touch and mechanical hyperalgesia
were assessed with a fine probe and an electronic anesthesiometer (model
1601C, Life Science Instruments). The probe was gently applied to the
glabrous foot pad of the left forepaw, and pressure was increased until the
rat withdrew its paw. If the rat did not withdraw its paw with a force of
150 g, the test was terminated. The pressure (g) reached when rat with-
drew its paw was recorded with a force transducer. The trials were per-
formed on the left and right paw alternatively. Five trials were performed
on each paw during the testing period with the lowest and highest record-
ings discarded. Thermal hyperalgesia were measured using a hotplate
device. A movable infrared light source (Ugo Basile) was placed under
the center of the foot pad of the forepaw and used to generate heat on a
localized spot. The time (in seconds) at which the animal withdrew its
paw after the stimulus began was recorded. The test was terminated if the
time exceeded 20 s. Three trials were performed per testing session.

Corticospinal axon tracing
At the end of the behavioral evaluation, the animals were anesthetized
with isoflurane and placed in a stereotaxic frame. Biotinylated dextran
amine (BDA) (10% w/v, MW 10,000, Invitrogen) was injected stereo-
taxically at a depth of 1.5 mm to the following coordinates: anteroposte-
rior (AP) �0.5, mediolateral (ML) �2; AP �0.5, ML �3; AP �0.5, ML
�1.8 (Hagg et al., 2005) over the sensorimotor cortex. One microliter
was injected at each site.

Histology
Two weeks after tracer injection, the animals were killed and transcardi-
ally perfused with PBS followed by 4% paraformaldehyde in 0.1 M phos-
phate buffer. Brains and the C1, C3–C5, T2 spinal cord segments were
removed and postfixed in 4% paraformaldehyde solution at 4°C over-
night, followed by 30% sucrose for 72 h. Tissue was frozen in OCT
mounting medium, and transverse 30 �m sections of the brain and lon-
gitudinal sections of the C3–C5 spinal segments were cut with a cryostat
and processed for immunohistochemistry.

To verify the injury to the corticospinal tract, transverse sections of the
C1 and T2 spinal segments as well as transverse sections of the lesion site
were immunostained for PKC� (rabbit polyclonal anti-PKC�, 1:1000,
Millipore Bioscience Research Reagents). For visualization of BDA-
labeled fibers, one in five longitudinal sections was processed by the
avidin-biotin amplification method with conjugated peroxidase (Vec-
tastain ABC Elite Kit, Vector Laboratories) and visualized with diamino-
benzidine (DAB) and NiCl2.

For visualization of 5-HT-positive (5-HT �ve) fibers, 1 in 10 longitu-
dinal sections was immunostained for 5-HT (goat anti-5-HT, 1:1000,
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Immunostar). For visualization of calcitonin
gene-related peptide-positive (CGRP �ve) fi-
bers, 1 in 10 longitudinal sections were immu-
nostained for CGRP (rabbit anti-CGRP,
1:1000, Sigma). For visualization of colocaliza-
tion of vesicular glutamate transporter 1
(vGlut1) and BDA, one in five longitudinal sec-
tions was incubated with guinea pig anti-
vGlut1 antibody (1:1000, Millipore Bioscience
Research Reagents), then Cy3-conjugated
donkey anti-guinea pig antibody (1:500) and
streptavidin conjugated to Alexa Fluor 488 (1:
500, Invitrogen).

For visualization of CSPG GAG digestion,
six animals with chronic spinal cord injuries (1
month old), having received either ChABC
(n � 4) or Pen (n � 2) injections and intrathe-
cal infusion were perfused the day after the last infusion. A spinal block
from C2 to C6 was removed and processed. Sections were immuno-
stained with anti-chondroitin sulfate DDi-0S monoclonal antibodies (1:
200, Seikagaku) and mouse monoclonal anti-neurocan (1:5,
Developmental Studies Hybridoma Bank), then goat anti-mouse biotin-
ylated antibodies (1:500, Vector Laboratories), amplified using the
avidin-biotin method with peroxide as a substrate (Vectastain ABC Elite
Kit, Vector Laboratories), and then stained with DAB.

For histological analysis of the chronic lesion, six animals received a
cervical SCI. Three were then perfused 4 d after injury, and three were
perfused 1 month after the injury. In addition, three normal rats with
sham injury were also perfused as negative controls. A spinal block from
C2 to C6 was removed as before and processed. Horizontal sections were
examined for laminin, GFAP, neurocan, OX42, and MBP immunoreac-
tivity. The antibodies used were as follows: rabbit anti-laminin (1:1000,
Chemicon); rabbit anti-GFAP (1:1000, DAKO); mouse monoclonal
anti-neurocan (1:5, Developmental Studies Hybridoma Bank); mouse
monoclonal anti-OX42 (1:200, Sigma); and rabbit anti-MBP (1:500, Ab-
cam). All Alexa Fluor-tagged secondary antibodies were from Invitrogen.
To evaluate antibody specificity, some sections were processed as de-
scribed, but primary antibodies were not added.

For histological analysis of the extracellular matrix (ECM) after train-
ing, three animals received task-specific training from 4 weeks after in-
jury, whereas three further animals did not receive any training after
injury. These six animals were killed and transcardially perfused 18 weeks
after injury. The spinal block from C2 to C6 was removed and processed
as before. Horizontal sections were examined for Link Protein (Crtl1,
1:100, Santa Cruz Biotechnology), lectin Wisteria fluribunda (WFA)
1:150, Sigma), and aggrecan (1:100, Millipore) immunoreactivity, with
each section coimmunostained with NeuN (1:200, Millipore Bioscience
Research Reagents) for visualization of neurons. All Alexa Fluor-tagged
secondary antibodies were from Invitrogen. To evaluate antibody speci-
ficity, some sections were processed as described, but primary antibodies
were not added.

Lesion size and corticospinal axon quantification
Corticospinal axons were quantified from the horizontal sections of the
C3–C5 spinal blocks. Total numbers of CST axons labeled were counted
in transverse sections of the C1 spinal cord. Corticospinal axonal sprout-
ing into the gray matter was quantified in three serial sections containing
the dorsal CSTs for each animal. A grid of 0.5 by 0.5 mm divided into 0.05
by 0.05 mm boxes was placed over the spinal cord 1 mm rostral to the
lesion. The number of labeled processes crossing each of the 11 vertical
lines 0.05 mm apart, beginning at the gray matter/white matter border,
was counted. From this, an overall figure for crossing axons was calcu-
lated for each animal by dividing the mean number of CST crossings per
section by the number of BDA-traced CST axons. Corticospinal branch-
ing within the dorsal white matter was quantified between C3 and C5, by
dividing the number of branches coming off axons by the number of CST
fibers traced. Corticospinal sprouting between the lateral funiculi and
gray matter was also quantified by dividing the number of axons crossing
the boundary by the number of CST fibers traced (Girgis et al., 2007;

García-Alías et al., 2009). Corticospinal axon retraction was quantified
by counting the number of the fibers 1.5 and 0.5 mm rostral to the lesion.
This was again normalized against number of traced CST axons at C1.

BDA, vGlut1 colocalization was quantified in three serial sections con-
taining the dorsal CSTs for each animal. The total number of puncta
colabeled with BDA and vGlut1 1–1.5 mm rostral to the lesion was quan-
tified and averaged over the three sections. The data were normalized to
the number of BDA axons traced in each animal.

For 5-HT �ve axon, the number of 5-HT �ve axons crossing a line 0.5
mm rostral to the lesion was counted in three horizontal sections from
layer VII in ventral cord for each animal.

For CGRP �ve axon, the number of CGRP �ve fibers just rostral to the
lesion, crossing the lesion and just caudal to the lesion was quantified in
sections where lesions could be easily identified.

Quantification of perineuronal net components
The intensity of Crtl1, WFA, and aggrecan immunostaining was quanti-
fied using a Leica microscope from images captured using the same set-
tings in the same session. The relative intensity of a square region 200 �m
from the lesion edge with an area of 200 �m 2 was quantified as the ratio
against a negative control on the same slide. The number of neurons that
had Crtl1 �ve, WFA �ve, and aggrecan �ve perineuronal nets (PNNs) were
quantified as a percentage of the total NeuN �ve neurons within a square
region 200 �m from the lesion edge with an area of 40,000 �m 2. The
thickness of these PNNs was measured for five randomly chosen neurons
on each slide from this region.

Statistical analysis
Data are shown as the mean � SEM. The motor behavioral data were
analyzed by two-way ANOVA and Bonferroni post hoc analysis. The
sensory behavioral data were analyzed by one-way ANOVA with post hoc
analysis. Histological data were analyzed by the Student’s t test where
there were two groups, and by one-way ANOVA with post hoc analysis for
multiple groups.

Results
Assessment of the lesion after SCI
Fine forceps were used to cut the dorsal funiculi of the C4 spinal
segments in Lister hooded rats down to the level of the central
canal, which disrupted the dorsal columns and the dorsal CST
axons, and partially compromised the gray matter of the dorsal
and ventral horns. Complete damage to the dorsal CST was ver-
ified by protein kinase C � (PKC�) staining of transverse sections
below the injury at T1 (Fig. 1a– c) and by observing complete
transection of BDA-traced axons at the lesion site. The cross-
sectional area, width, and depth of all the lesions were calculated.
After excluding animals whose lesions did not sever the entire
dorsal column/CST, the size and morphology of the cystic cavity
formed was similar in all the animals and there were no signifi-
cant differences between the experimental groups.

Figure 1. Assessment of the spinal cord lesion. a, Transverse section of cervical spinal cord rostral to the dorsal funiculi
lesion immunostained for PKC�, showing the presence of the dorsal corticospinal tract (arrowheads). Scale bar, 500 �m.
b, Transverse section of cervical spinal cord at the site of spinal cord injury immunostained for PKC�, the lesion included the
dorsal corticospinal tract and the dorsal column. *SCI lesion site. Scale bar, 500 �m. c, Transverse section of cervical spinal
cord caudal to the spinal cord injury immunostained for PKC�, showing the absence of dorsal corticospinal tract caudal to
the lesion (arrowheads). Scale bar, 500 �m.
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The 1-month-old lesion had the histological appearance of a
chronic injury
The histological appearance of lesions at 4 d (n � 3) and 1 month
(28 d, n � 3) after C4 injury was compared to characterize the
chronic lesion environment. Four days after the injury, there was
extensive reactivity of microglia and macrophages, as shown by
strong OX42 staining around the lesion site, extending �1–2
mm rostral and caudal to the lesion (Fig. 2g–i). Astrocytes in
the same region showed upregulation of GFAP, but had not
yet established a border of hypertrophied processes around
the lesion (Fig. 2e). Around the lesion cavity, there was in-
creased staining for CSPG neurocan (Fig. 2j–l ). There was also
some loss of myelin staining very locally around the lesion site.
A mature glial scar with a central core of meningeal-derived
cells had not yet been established (Fig. 2a– c). One month after
injury, however, the lesion area appeared to show characteris-
tics of a well established glial scar with a strong perilesional

margin of astrocytes expressing high
levels of GFAP with hypertrophied and
tangled processes around a central fi-
broblastic core (Fig. 2a–f ). In the same
region, there were also high levels of neu-
rocan expression (Fig. 2j–l). The neurocan
staining was both intracellular and extracel-
lular as opposed to a largely intracellular ap-
pearance 4 d after injury. Marked OX42
immunoreactivity remained for �0.5 mm
around the lesion core, but compared
with the acute injury staining, it was less
intense and less widespread, suggesting a
reduced inflammatory reaction at this
time (Fig. 2g–i). Myelin loss was more
widespread than in the acute case, with
some myelin debris visible in the lesion
area (Fig. 2m– o).

Effective digestion of CSPGs by ChABC
in chronic SCI
Twenty-eight days after the dorsal funicu-
lus injury, animals received two intrapa-
renchymal ChABC (1 �l, 100 U/ml) or
control Pen injections 1 mm above and
below the lesion, followed by bolus intra-
thecal infusions through a cannula (3 �l,
100 U/ml) placed over the lesion every
other day for 10 d, as in previous studies.
To demonstrate the effectiveness of
ChABC digestion, five ChABC and two
Pen-treated animals were killed after the
last intrathecal infusion. The spinal cord
tissues were immunostained for CS-stubs
(tetrasaccharide stubs remaining from
ChABC digestion) and neurocan. The
staining demonstrated that the ChABC
had digested the CSPGs throughout the
cord 2–3 mm rostral and 3– 4 mm caudal
to the injury (Fig. 3a). Neurocan had
completely disappeared from the digested
area, and PNNs were also absent (Fig.
3b,e�,f�). Control Pen injection did not re-
move the neurocan staining or create
stubs (Fig. 3c). There was also digestion in
the superficial layer of the dorsal white

matter around the cord to a depth of �100 �m, extending at least
3 mm mainly rostral to the lesion (Fig. 3d�).

Animals retained deficits in skilled forelimb functions 28 d
after injury
The animals’ behavior was assessed after injury and before treat-
ment to determine the extent of the deficit, to establish a baseline
performance, and to exclude animals showing spontaneous re-
covery. All animals received training on the staircase task before
injury, and only animals that performed successfully on the stair-
case were included in the study. After injury, these animals re-
ceived no treatment other than regular observation for 28 d, and
were housed with cardboard tubes and wooden blocks as play-
things, but no objects that required skilled paw function for their
manipulation were present. All animals recovered gross hindlimb
and forelimb motor functions within 1 to 2 weeks and, unless
challenged with difficult motor tasks, appeared to behave simi-

Figure 2. The histological profile of the spinal cord 1 month after dorsal funiculus lesion. a– c, Horizontal sections of cervical
spinal cord immunostained for laminin with a distinct collagenous scar only present in spinal cord obtained 1 month after injury.
d–f, Horizontal sections of cervical spinal cord immunostained for GFAP, with a GFAP �ve glial scar more prominent in spinal cord
obtained 1 month after injury. g–i, Horizontal sections of cervical spinal cord immunostained for OX42, showing a substantial
increase around the lesion area 4 d after injury, which was much reduced by 1 month. j–l, Horizontal sections of cervical spinal cord
immunostained for neurocan, in spinal cord section obtained 4 d after injury, upregulation of neurocan was seen perilesionally
mostly intracellularly. One month after injury, there was neurocan upregulation within the glial scar both intracellularly and
extracellularly. m– o, Horizontal sections of cervical spinal cord immunostained for MBP, with localized myelin loss visible in
sections with spinal cord injury (arrowheads). a, d, g, j, m, Horizontal sections of normal, intact spinal cord. b, e, h, k, n, Horizontal
sections of spinal cord 4 d after injury. c, f, i, l, o, Horizontal sections of spinal cord 1 month after injury. Scale bar, 1 mm.
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larly to normal animals. Some forelimb deficits persisted, how-
ever, including a considerable deficit in skilled forelimb function.
When tested 7 d after injury, animals had almost completely lost
the ability to retrieve sugar pellets on the staircase task (on aver-
age, reaching less than one pellet) (Fig. 4a). Most of the animals
did not recover significant paw reaching ability and continued to
perform very poorly at this task over the next month. There were
also other sustained forelimb deficits: animals made more fore-
limb foot faults on a horizontal ladder and narrow beam, and
showed a reduction in forelimb/hindlimb stride length ratio (Fig.
5b,e,g). Four weeks after injury, animals were retested on the
staircase paw reaching task, and �30% of the animals had re-
gained a significant ability to perform this task, eating four sugar
pellets or more. These animals all turned out to have smaller
lesions than our standard and were excluded from further exper-
iments. The remaining animals (n � 44) were divided into four
groups, among which there were no significant behavioral differ-
ences (Fig. 4a).

ChABC induced functional recovery in chronic SCI when
paired with task-specific rehabilitation
Animals were divided into four groups, two groups receiving
ChABC and two groups Pen; one of the ChABC groups and one
of the Pen groups received task-specific rehabilitation, which was

begun immediately after treatment in relevant groups (Fig. 4e).
The rehabilitation consisted of two 30 min sessions a day on the
skilled paw reaching apparatus retrieving seeds, which were reg-
ularly replenished. To assess the effect of treatments on skilled
paw reaching, animals were tested weekly on the staircase task
(Fig. 4d). Animals receiving ChABC with task-specific rehabilita-
tion began a gradual recovery after treatment, which started to
diverge from the control animals around 2 weeks after the com-
mencement of the ChABC injections (Fig. 4a). By 6 weeks after
treatment [70 d postinjury (dpi)], these animals (pellets eaten,
4.38 � 1.31) were performing significantly better than the other
three groups receiving Pen alone (pellets eaten, 0.9 � 0.55),
ChABC alone (pellets eaten, 0.3 � 0.21), or Pen and rehabilita-
tion (pellets eaten, 2 � 0.82). The recovery continued over the
next few weeks until the last time point (9 weeks after treatments,
91 dpi) when the group receiving ChABC and rehabilitation per-
formed significantly better than all other groups. They achieved
six pellets eaten on average (�1.52), compared with the other
three groups, which reached 0.5 � 0.40 (Pen alone, p � 0.001),
0.56 � 0.29 (ChABC alone, p � 0.001), and 2.3 � 0.58 (Pen
rehab, p � 0.001) pellets eaten (Fig. 4a). Overall, the group re-
ceiving ChABC and rehabilitation performed significantly better
than all other groups (Pen rehab, p � 0.018; ChABC alone, p �
0.001; Pen alone, p � 0.001). Animals in the ChABC rehab group
also showed greater accuracy on the staircase apparatus com-
pared with other groups (Fig. 4b) (Pen rehab, p � 0.045; ChABC
alone, p � 0.022; Pen alone, p � 0.001). The group receiving Pen
and rehabilitation showed a small and gradual recovery after re-
habilitation started. The recovery was much smaller than that
observed in the group that received both ChABC and rehabilita-
tion, reaching the level of 2.3 pellets eaten on average (�0.58) at
the last time point. This recovery was statistically significant
when compared with the two groups not receiving rehabilitation.
The group receiving ChABC showed signs of recovery during the
fourth week after treatment (mean number of pellets eaten in-
creased from 0.9 � 0.3 before treatment to 3 � 1.15 4 weeks after
treatment), but this gain was not sustained. Animals receiving
Pen alone did not show signs of recovery at any point.

Similar trends were seen when the accuracy of reaching (the
percentage of moved pellets that were successfully eaten) was
quantified (Fig. 4b). Both groups that received rehabilitation
showed improved accuracy of pellet retrieval compared with
the other two groups. However, only the animals that received
both rehabilitation and ChABC were able to reach down to the
fourth level of the staircase. Animals that received rehabilita-
tion alone only reached down to the second level (Fig. 4c) (p �
0.046, two-way ANOVA with repeated measures between
ChABC rehab and Pen rehab). This shows that rehabilitation
alone enabled animals to reach the higher-level sugar pellets
more accurately, but the combination of ChABC and rehabil-
itation enabled animals to reach further as well as more accu-
rately. There was no significant difference in participation in
the task between the four groups of animals as the animals did
not spend significantly different amounts of time on the plat-
form of the staircase. When animals’ skilled forelimb reaching
behavior was examined more closely by placing animals into a
clear Perspex chamber and filming their grasping of the sugar
pellets through an open slit, the animals that received ChABC
and rehabilitation appeared to be clumsy; however, they did
use the same technique as uninjured animals, reaching with
forelimb pronated.

Figure 3. Effective digestion of CSPGs by ChABC in chronic spinal cord injury. a, Sagittal
section of cervical spinal cord following ChABC treatment 1 month after injury immunostained
for 1B5 stub; the 1B5-positive areas indicating ChABC diffusion and digestion in both gray and
white matter. Scale bar, 1 mm. b, Adjacent sagittal section of cervical spinal cord following
ChABC treatment 1 month after injury immunostained for neurocan, showing the absence of
neurocan 2–3 mm around the injection sites indicating the extent of ChABC diffusion and
digestion. Scale bar, 1 mm. c, Sagittal section of cervical spinal cord following penicillinase
treatment 1 month after injury immunostained for neurocan, showing neurocan staining
throughout the spinal cord, mainly in the gray matter. Scale bar, 1 mm. d�, Higher magnifica-
tion of box (d) in a, showing the rim of digestion along the dorsal surface of spinal cord. Scale
bar, 500 �m. e�, f�, Higher magnification of boxes (e, f ) in b showing the removal of neurocan
from the extracellular space and in the perineuronal nets in the region of chondroitinase diges-
tion. Scale bar, 130 �m.
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ChABC and rehabilitation promote recovery in other related
forelimb functions
Forelimb functions other than skilled paw reaching were also
affected by C4 dorsal funiculi lesions. The effect of ChABC and
rehabilitation on other forelimb functions was investigated. An-

imals made more forelimb slips when
walking along horizontal ladders and
beams after injury, and these deficits had
not recovered at the onset of treatment 4
weeks after injury (Fig. 5b,e). At the end of
rehabilitation, the group receiving
ChABC and rehabilitation made signif-
icantly fewer mistakes on the horizontal
ladder when compared with groups
without rehabilitation (15.4 � 1.04 vs
20.8 � 0.93, ChABC alone, p � 0.006; or
20.7 � 0.97, Pen alone, p � 0.005) (Fig.
5b). Animals treated with ChABC and re-
habilitation also showed a reduction in
the percentage of mistakes (Fig. 5c). An-
imals receiving Pen and rehabilitation
also made significantly fewer mistakes,
recovering to the same extent as animals
treated with ChABC and rehabilitation
(16.2 � 1.03; p � 0.029, Pen rehab vs
ChABC alone; or p � 0.025, Pen rehab vs
Pen alone), although the percentage of
mistakes was not significantly improved
(Fig. 5c). Rehabilitation similarly im-
proved the accuracy of the animals’
forelimb placement while walking along
a horizontal beam. Here again, both the
ChABC rehab and Pen rehab groups
performed better than the animals that
did not receive rehabilitation (Fig. 5d,e).

In previous experiments using this le-
sion, we saw a change in gait, with the an-
imals making small frequent forelimb
steps while maintaining longer hindlimb
steps, and animals treated with ChABC
recovered a more normal stride length
than those receiving control penicillinase
(García-Alías et al., 2008). In the current
experiment, the forelimb/hindlimb stride
length ratio decreased after injury as be-
fore, due to a decrease in forelimb stride
length and compromised forelimb, hindlimb
coordination. However, neither ChABC nor
rehabilitation changed the forelimb/hindlimb
stride length ratio (Fig. 5f,g) or the base of sup-
port of these animals’ gait. We also measured
grip strength using a device that measures the
traction force exerted on hand bars before an-
imalslosetheirgrip.Therewasnodifferencein
forelimb grip strength between any treatment
groups, all groups having recovered to normal
levels 4 weeks after injury. These results, to-
gether and compared with our previous re-
sults using the same lesion, show that in
chronic injured spinal cord, complex
tasks such as skilled paw reaching, which
are heavily dependent on the CST, only
recover with ChABC-induced plasticity

combined with rehabilitation. Other less skilled tasks such as ladder
walking, which involve other spinal pathways such as reticulospinal
tracts (spared in this model) as well, can recover with rehabilitation
alone. Other behaviors such as grip strength and gait are not changed
by forelimb reaching rehabilitation.

Figure 4. ChABC and task-specific rehabilitation improved the skilled paw reaching of animals with chronic spinal cord injury.
a, Quantification of the number of pellets eaten on the staircase. C4 dorsal funiculus injuries were performed at time 0 and ChABC
or Pen was injected at 28 d (arrowhead) when rehabilitation started. There was little recovery in any of the groups during the
month after injury (days 7, 14, 21, and 28). After the treatment, the group receiving ChABC and rehabilitation performed signifi-
cantly better than all other groups at later time points (days 70, 77, 84, and 91). *p � 0.05 ChABC rehab versus Pen rehab; ***p �
0.001 ChABC rehab versus Pen rehab; xxxp � 0.001 ChABC rehab versus ChABC no rehab; ���p � 0.001 ChABC rehab versus Pen
no rehab. Overall, the group receiving ChABC and rehabilitation performed significantly better than all other groups (Pen rehab,
p � 0.018; ChABC alone, p � 0.001; Pen alone, p � 0.001). The group receiving Pen and rehab also showed a gradual recovery,
although not to the level of ChABC with rehab; this group performed significantly better at the last two time points when compared
with the pooled no-rehab groups. xp � 0.05, Pen rehab versus ChABC no rehab and Pen no rehab. b, Similar trends were observed
for accuracy (the number of pellets eaten/total number displaced) of performance. The animals receiving ChABC and rehab were
significantly more accurate at grasping sugar pellets than other groups. xp � 0.05 ChABC rehab versus ChABC no rehab; xxp �
0.01 ChABC rehab versus ChABC no rehab; xxxp � 0.001 ChABC rehab versus ChABC no rehab; ��p � 0.01 ChABC rehab versus
Pen no rehab; ���p � 0.001 ChABC rehab versus Pen no rehab. Overall, the group receiving ChABC and rehabilitation was
significantly more accurate than all three other groups (Pen rehab, p � 0.045; ChABC alone, p � 0.022; Pen alone, p � 0.001).
Animals treated with ChABC also showed improvement in accuracy of grasping up to day 56 ( ##p � 0.01 ChABC no rehab vs Pen no
rehab), which was not sustained. This trend was also observed with number of pellets eaten; however, it was not significant at this
time point. All statistics unless otherwise stated were performed with two-way ANOVA with repeated measures and post hoc
analysis. c, Animals receiving ChABC and rehab also reached further than animals in other groups. Maximum distance reached by
animals receiving ChABC and rehab is significantly higher than the animals receiving Pen and rehab (*p � 0.05, two-way ANOVA
with repeated measures between ChABC rehab and Pen rehab) over the last six time points; as well as over individual time points
(days 70, 77, 84, and 91). *p � 0.05, Student’s t test. d, The staircase apparatus. Animals slide into the tunnel, gaining access to the
left and right staircases. They grasp sugar pellets for 15 min, and the numbers of sugar pellets displaced and eaten are quantified
separately. e, A timeline of the experiment.
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ChABC treatment and specific rehabilitation did not cause
abnormal pain sensation
It has been suggested that increased plasticity might increase the
level of aberrant sprouting leading to abnormal sensation and
hyperalgesia; however, neither ChABC nor task-specific rehabil-
itation affected the threshold for pain, temperature, and pressure
sensation. After injury, the animals showed reduced pain and
temperature sensation. These deficits persisted 1 month after in-
jury and were still present at the end of rehabilitation and behav-
ioral studies. On average, they took 6.86 � 0.33 s to respond to a
heat source compared with 4.63 � 0.29 s with sham animals (Fig.
6a). They also had a deficit in their response to pressure sensa-
tion, responding to 80.6 � 2.76 � g of pressure compared with
52.1 � 2.83 � g with sham animals (Fig. 6b). There was no
significant difference between all treatment groups indicating
that neither ChABC nor rehabilitation caused allodynia or
hyperalgesia.

ChABC promotes sprouting and new connections in
chronically injured spinal cord
Corticospinal axons (CST)
The anatomical changes in the injured dorsal CST were studied
following bilateral BDA injection into the forepaw representation

area of the sensorimotor cortex. In all animals, the dorsal CST
had been completely cut at the lesion site (Fig. 7a,c). We quanti-
fied dorsal CST sprouting by counting the number of side-
branches made by CST axons in the dorsal white matter and by
counting the number of labeled CST processes crossing the gray/
white matter boundary 1–1.5 mm rostral to the lesion (Fig.
7b�,d�). Both groups receiving ChABC regardless of rehabilita-
tion showed increased axon branching and crossing compared
with control Pen-treated groups (Fig. 7e,f). In both the Pen and
ChABC groups, the means for branching and crossing of CST
axons were higher in the animals that received rehabilitation, but
this trend was not statistically significant. Branching from the
unlesioned dorsolateral CST was also quantified as an increase
had previously been observed following ChABC treatment after
acute SCI. The results were very variable, and there were no sig-
nificant treatment effects on this measure.

On initial observation, the BDA-labeled axons appeared to be
closer to the lesion site in ChABC-treated animals (Fig. 7h�–m�).
We therefore quantified the number of axons within 0.5 mm to
the lesion edge and found that there were significantly more axon
fibers near to the lesion in the group receiving ChABC and reha-
bilitation than in other groups (Fig. 7g). Further rostrally, at 1.5

Figure 5. Both ChABC and task-specific rehabilitation and task rehabilitation alone improved tasks closely related to skilled paw reaching in animals with chronic spinal cord injury. a, Horizontal
ladder; an animal was unable to place its right forepaw onto the ladder correctly while walking across it. b, After injury, the animals made significantly more forepaw slips while walking on the
horizontal ladder, which was sustained 1 month after the injury (day 42, p � 0.001). By day 98, the animals receiving ChABC and rehab made significantly fewer mistakes compared with animals
receiving ChABC or Pen without rehab. **p � 0.01, ChABC rehab was compared with ChABC no rehab or Pen no rehab. The animals receiving rehabilitation alone also made significantly fewer
mistakes compared with animals receiving ChABC or Pen without rehab. *p � 0.05, Pen rehab was compared with ChABC no rehab or Pen no rehab. c, Quantification of percentages of slips on
horizontal ladder. After injury, animals made proportionally more forepaw slips while walking on the horizontal ladder, which was sustained 1 month after injury (day 42, p � 0.001). By day 98, the
animals receiving ChABC and rehab made significantly fewer mistakes compared with animals receiving ChABC without rehab. *p �0.05. d, Horizontal beam, an animal was unable to place its paws
onto the narrowing beam. This test again evaluates the abilities of animals to place their forepaws correctly. e, After injury, the animals made significantly more forepaw slips while walking on the
horizontal beam, which was sustained 1 month after the injury (day 42, p � 0.001). Rehabilitation seemed to have the most effects on animals’ ability to walk across the beam, with animals
receiving ChABC and rehab making significantly less mistakes by day 98 when compared with ChABC no rehab and Pen no rehab combined (*p � 0.05). f, Typical footprints of animals walking.
Forelimb/hindlimb stride length ratio was used to assess the coordination of gait. Before injury (Pre), animals’ forelimb and hindlimb stride length was similar. After injury, regardless of the
treatment, animals made more forelimb steps than hindlimb steps (ChABC, Pen). Black: forepaw footprints; Red: hindpaw footprints. g, After injury, there was a sustained reduction in forelimb/
hindlimb stride length ratio (day 42, p � 0.001). None of the treatments significantly changed the ratio between days 42 and 98. All statistics unless otherwise stated were performed with two-way
ANOVA with repeated measures and post hoc analysis.
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mm from the lesion there were no differences in axon number
between the groups, indicating that the larger number of axons
rostral to the lesion in the ChABC rehabilitation group was very
local to the lesion. Because ChABC was applied starting 1 month
after injury, it is unlikely that the larger number of axons near the
lesion was due to axonal protection. It is more probable that these
are processes that had sprouted from axons that retracted away
from the lesion at the time of injury. We did not see any axons
that had grown around or past the lesion site, or through the scar
tissue surrounding the injury.

BDA�ve and vGlut1�ve synaptic puncta
Sprouting from the CST axons could not have affected behavior
unless synapses were formed. To see whether the axon sprouts
induced by ChABC treatment make connections, we assessed the
number of vGlut1�ve puncta on the BDA�ve corticospinal
sprouts in the gray matter. A synaptic varicosity was usually pres-
ent where a patch of vGlut1 staining coincided with a BDA�ve

process (Fig. 8a– c). Both groups receiving ChABC had signifi-

cantly more BDA�ve, vGlut1�ve synaptic puncta than the groups
receiving Pen (Fig. 8d). Both groups that received rehabilitation
appeared to have more colocalized puncta than in the respective
groups that had not received rehabilitation. This was most no-
ticeable in the case of ChABC-treated animals, where the group
with rehabilitation appeared to have many more colocalized
puncta. As with the similar trend in CST sprouting, this trend was
not statistically significant here. However, it could potentially
indicate that rehabilitation encouraged establishment of func-
tional synapses on axonal sprouts.

Serotonergic and sensory axons
The sprouting of other CNS axons was also assessed to study
whether or not sprouting was restricted to CSTs. Serotonergic
axons were visualized by anti-5-HT antibody staining. There was
an increase in the number of 5-HT�ve axons around the lesion
site after injury in all the experimental groups compared with
regions of the cord further away. The number of axons crossing a
line 0.5 mm rostral to the lesion was quantified, showing that
animals that received ChABC injections (with or without reha-
bilitation) had significantly more axons rostral to the lesion, in-
dicating an increase in the sprouting of serotonergic axons after
ChABC treatment (p � 0.022) (Fig. 8e). CGRP�ve sensory axons
were also visualized by anti-CGRP immunostaining, and the
number of axons rostral to the lesion, in the lesion epicenter, and
caudal to the lesion were quantified. No significant differences
were found between the groups (data not shown).

Task-specific rehabilitation increased the extracellular
components of PNNs
To address the mechanism behind the interaction of rehabilita-
tion and the ECM, we investigated the effect of the interventions
in our experiment and of delayed task-specific training on PNNs.
ChABC treatment has been shown previously to remove all WFA
staining, and to partially remove link protein and aggrecan stain-
ing, which was indeed the case here for spinal cords at the end of
the ChABC treatment period (Fig. 9j–m). We examined the spi-
nal cords from animals after the end of the study, 18 weeks after
SCI, 12 weeks after the last ChABC injection and 2 weeks after the
final rehabilitation session. We saw no significant differences in
the number of PNNs or their intensity of staining for WFA, Crtl1
link protein, or aggrecan (data not shown). This indicates that the
PNN molecules removed by ChABC treatment had been replaced
during this time, and that any differences caused by rehabilitation
had normalized. To assay the effect of rehabilitation in PNNs, we
therefore examined animals that had received a C4 dorsal column
lesion then continuous rehabilitation or no rehabilitation for 18
weeks. The cervical spinal cord sections caudal to the lesion of
these animals were immunostained for extracellular components
of the following PNNs: Crtl1, WFA, aggrecan, and hyaluronan
synthase-3 (Fig. 9). We observed a rehabilitation-dependent in-
crease in Crtl1 and WFA levels in these animals (Fig. 9a–i,n) as
well as an increase in the number and thickness of Crtl1-positive
PNNs throughout the cervical spinal cord (Fig. 9o,p). One of the
authors (R.M.I.) has observed a similar result in animals that
received lower limb rehabilitation after complete cord transec-
tion (unpublished data).

Discussion
Any intervention for SCI must work alongside rehabilitation and
other routine treatments. Our previous study showed that
ChABC treatment greatly enhances the effect of rehabilitation.
We now show that combined ChABC and rehabilitation is effi-

Figure 6. Neither ChABC nor task-specific rehabilitation caused abnormal pain sensation. a,
Hotplate analysis was used to test the animals’ ability to respond to thermal stimuli. After injury,
the animals took significantly longer to respond to an infrared heat source when compared with
sham-injured animals (p � 0.01, sham vs all-treatment groups). There was no significant
difference between the treatment groups, indicating that ChABC or task-specific rehabilitation
did not change or cause abnormal sensation in response to a thermal stimulus. b, An electronic
anesthesiometer was used to test the animals’ abilities to respond to pressure stimuli. After
injury, higher pressure was needed to induce withdrawal of the animals’ forepaws when com-
pared with sham-injured animals (p � 0.001, sham vs all-treatment groups). There was no
significant difference between the treatment groups, indicating that ChABC or task-specific
rehabilitation did not cause abnormal sensation in response to a pressure stimulus.
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cacious in chronic SCI, and might therefore be started when pa-
tients usually begin rehabilitation. Many additional barriers to
the repair of chronic and subacute SCIs do not exist for acute
treatments. There is neuronal cell death and atrophy as well as
extensive axonal degeneration and demyelination. The optimum
window for axonal regeneration may also have passed (Schwab
and Bartholdi, 1996), and the glial scar around the injury be-
comes established and dense (Rudge and Silver, 1990; Stichel and
Muller, 1994; Silver and Miller, 2004). Many regenerative inter-
ventions are effective in acute SCI but not in a chronic setting

(Shumsky et al., 2003; López-Vales et al., 2006, 2007; Nishio et al.,
2006).

We have used a cervical SCI model that ablates both dorsal
CSTs and parts of the dorsal column. The motor cortex and CSTs
are critical for motor control in humans; we therefore used an
animal model in which recovery of CST function is the main
outcome measure (Bradbury et al., 2002; García-Alías et al., 2008,
2009). Ablation of the CST affects manual dexterity in many
animals, including rats, leading to behavioral deficits in skilled
paw manipulation that can be assessed by reaching tasks

Figure 7. ChABC promotes sprouting in chronically injured spinal cord. a, Horizontal section of cervical spinal cord from an animal that received ChABC and task-specific rehabilitation 1 month
after injury; the CST was traced with BDA and stained using the DAB method. There was extensive sprouting of the severed CST rostral to the lesion into the gray matter. Scale bar, 500 �m. b�, Higher
magnification of box (b) in a, showing the extensive sprouting (–, the gray/white matter boundary;1, branching off dorsal CST in white matter). Scale bar, 100 �m. c, Horizontal section of cervical
spinal cord from an animal that received Pen and task-specific rehabilitation 1 month after injury. There was much less sprouting of the severed CST rostral to the lesion into the gray matter. Scale
bar, 500 �m. d�, Higher magnification of box (d) in c, showing less sprouting (–, the gray/white matter boundary;1, branching off dorsal CST in white matter). Scale bar, 100 �m. e, f,
Quantification of CST axonal sprouting rostral to the lesion both by quantifying number of branches in the white matter (e) and sprouting into the gray matter (f ) in all four treatment groups. ChABC
injection significantly increased the number of axon branches and sprouts. *p �0.05. The apparent trend of increased sprouting in the rehab groups was not statistically significant. g, Quantification
of CST axons within 0.5 mm of the lesion in all four treatment groups. ChABC and rehabilitation combined treatment lead to more fibers closer to the lesion. *p � 0.05. h�–j�, Higher-magnification
pictures of the boxes (h–j) in horizontal section of an animal received ChABC and rehabilitation (a) showing the lesion site (j�), 0.5 mm rostral to lesion (i�) and 1.5 mm rostral to lesion (h�). BDA �ve

axons were seen extensively at all three positions. Scale bar, 200 �m. k�–m�, Higher-magnification pictures of the boxes (k–m) in horizontal section of an animal treated with Pen and task-specific
rehabilitation (c) showing the lesion site (m�), 0.5 mm rostral to lesion (l�), and 1.5 mm rostral to lesion (k�). BDA �ve axons were seen extensively at 1.5 mm rostral to lesion (k�); however, fewer
were seen at 0.5 mm rostral to the lesion (l�) and at the lesion site (m�). Scale bar, 200 �m.
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(Whishaw et al., 1993, 1998; Basso et al., 1996; McKenna and
Whishaw, 1999; Starkey et al., 2005; Pettersson et al., 2007). After
injury, animals recover most gross motor functions rapidly, but
show a sustained deficit in skilled paw reaching (Bradbury et al.,
2002; García-Alías et al., 2008, 2009).

Aiming to design a regimen suitable for future treatment of
human patients, we chose the time point of 1 month after injury
to begin treatment. One month is an appropriate time point in
human SCI management as patients are stabilized and rehabili-
tation has usually begun. At this time point, injury sites had the
appearance of a chronic lesion. There was a well established glial
scar with CSPG upregulation, and the acute inflammatory re-
sponses had ended. Others have observed similar changes
(Stichel and Muller, 1994; Hu et al., 2010), although evidence
exists that pathology continues to develop until 14 weeks after
injury in rodents (Hill et al., 2001). In our study and others,
behavioral recovery plateaus 4 weeks after injury (Basso et al.,
1995); therefore, it is commonly used as a reasonable time point
to represent chronic SCI (Coumans et al., 2001; Lu et al., 2002;
Houle and Tessler, 2003; Nishio et al., 2006).

Several studies have shown that ChABC treatment promotes
functional recovery after acute SCI (Bradbury et al., 2002; Cag-
giano et al., 2005; Tester and Howland, 2008). Greater recovery of
CST function occurred when ChABC was paired with specific
rehabilitation, as would occur in a clinical setting (García-Alías et
al., 2009), the effects of rehabilitation being focused on the pre-
cise task that was reinforced. We therefore rehabilitated animals
for 1 h daily through grasping of seeds from the staircase skilled
paw reaching apparatus. We used the same task, loaded with
sugar pellets, as the main outcome measure. Functional recovery
was delayed compared with our previous study, becoming signif-
icant after 6 weeks, but visibly deviating from controls 2 weeks
after the first treatment. By 9 weeks, animals had recovered CST
function almost equivalent to our previous acute treatment ex-
periment. Rehabilitation alone slightly improved the animals’
performance on the staircase, both increasing the number of at-
tempts and their accuracy; however, animals still only reached

down to the second stair of seven. Animals
treated with ChABC and rehabilitation
were able to reach the fourth stair, and to
do so accurately. We conclude that
ChABC opened a window of plasticity in
chronically injured spinal cord during
which specific rehabilitation was able to
drive substantial recovery in manual
dexterity.

There is increasing evidence that dif-
ferent behaviors compete for the available
neurological resources after SCI, so that
intensive rehabilitation of one task may
improve performance of that task at the
expense of others. Spinally transected cats
can be trained in either weight support or
stepping, but successful stepping removes
weight support and vice versa (De Leon et
al., 1998a,b); rodents trained for skilled
reaching make more mis-steps when run-
ning on a ladder, and general environ-
mental enrichment extinguishes paw
reaching (Girgis et al., 2007; García-Alías
et al., 2009; Krajacic et al., 2010). After a
unilateral cortical lesion, training the in-
tact paw compromises recovery of the in-

jured paw (Allred and Jones, 2008). In the present study,
however, rehabilitation of skilled paw function did not produce
deficits in other motor tasks tested. Furthermore, the groups of
animals receiving rehabilitation performed better in some tasks,
making fewer mistakes while running along a ladder and beam.
Similar results have been shown previously; after unilateral CST
lesions, rats receiving delayed skilled grasping training also im-
prove their performance in ladder walking (Krajacic et al., 2010).
We did not repeat our previous experiment in which general
environmental enrichment competed with skilled paw reaching,
and paw-reaching rehabilitation did not affect performance on
the ladder task in that study (García-Alías et al., 2009). Together,
these results imply that in chronic SCI complex tasks such as
skilled paw reaching, which rely heavily on the CST, only recover
with ChABC-induced plasticity combined with rehabilitation.
Less skilled tasks such as ladder walking, which also involve other
spinal pathways such as reticulospinal tracts, recover with reha-
bilitation alone.

How might ChABC and rehabilitation work together to pro-
mote functional recovery? ChABC digestion changes the CNS
ECM, leading to three main effects. After acute injury, there is
increased axonal regeneration (Bradbury et al., 2002; Yick et al.,
2003; Caggiano et al., 2005; Iseda et al., 2008). However, in our
chronic model the glial scar was firmly established and ChABC
treatment did not produce CST regeneration past the lesion. The
beneficial behavioral effects are therefore unlikely to have been
caused by long-distance axonal regeneration. The second effect is
sprouting of axons above and below the injury (Bradbury et al.,
2002; Moon et al., 2002; Barritt et al., 2006; Massey et al., 2006;
Cafferty et al., 2008; García-Alías et al., 2009; Tom et al., 2009b).
We saw CST sprouting of a similar magnitude to that in acutely
treated cord, and also sprouting of serotonergic axons. These
axon sprouts made more synapses in ChABC-treated animals.
We did not see sprouting of unlesioned CST axons below the
lesion, so the new connections and behavior must have been due
to CST sprouts above the lesion synapsing onto propriospinal
interneurons projecting below the lesion. The third effect of

Figure 8. vGlut1 colocalizes with the corticospinal axon sprouting. a– c, Fluorescence images showing the vGlut1 �ve, BDA �ve

synaptic puncta. Scale bar, 20 �m (1, vGlut1 �ve, BDA �ve synaptic puncta). d, Quantification of vGlut1 �ve, BDA �ve synaptic
puncta rostral to the lesion in the four treatment groups. ChABC injection significantly increased the number of colocalized puncta.
*p � 0.05. There is an apparent trend of increased number of colocalized puncta with training, although this is not statistically
significant. e, Quantification of 5-HT axons in layer VII of the spinal cord gray matter rostral to the lesion. ChABC injection signifi-
cantly increased the number of 5-HT �ve axons. *p � 0.05.
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ChABC is to digest PNNs (Bertolotto et al., 1995; Massey et al.,
2006; Carulli et al., 2010), which may make it possible for new
sprouts to access the surface of neurons, increasing their proba-
bility of forming a synapse. It is probable that the initial connec-
tions formed by axon sprouts are random, some functionally
appropriate, some inappropriate. The situation is therefore sim-
ilar to the exuberant connections formed during development.
Rehabilitation might then instruct the process of refinement of
these connections, strengthening appropriate and removing in-
appropriate connections (Fawcett and Curt, 2009; Kanagal and
Muir, 2009). It could also induce cortical reorganization leading
to extensive cortical map changes that have been correlated to
recovery in rat SCI (Ramanathan et al., 2006; Ghosh et al., 2009).
We examined the effects of rehabilitation alone on PNNs, finding
an increase in their number and in the levels of Crtl1 and WFA. A
link between the amount of activity and PNN formation has been
seen in the visual cortex and barrel cortex, and around motor-
neurons, with reduced PNN formation upon reduced activity
(Kalb and Hockfield, 1988; Sur et al., 1988; Guimarães et al.,
1990; Kind et al., 1995; Lander et al., 1997; Pizzorusso et al., 2002;

McRae et al., 2007). However, environmental enrichment in am-
blyopia decreases PNN numbers (Sale et al., 2007).

The formation of PNNs stimulated by upregulation of Crtl1
limits CNS plasticity at the end of critical periods (Sur et al., 1988;
Pizzorusso et al., 2002; Carulli et al., 2010), and PNN removal
with ChABC restores plasticity. It therefore seems that rehabili-
tation may impede its own success by upregulating PNNs. This
may partially explain the difficulty of adult rehabilitation after
SCI, and emphasizes the importance of ChABC digestion in re-
moving existing PNNs, preventing their upregulation by activity
and thereby allowing the changes in circuitry that underlie func-
tional recovery. Delayed rehabilitation in the present study led to
some recovery in nonrehabilitated sensorimotor tasks. Whether
this improvement is a learned behavioral adaptation or an indi-
cation of changes in connectivity is unclear; increased deposition
of PNNs may or may not be relevant to this partial recovery. An
examination of the relative timings of recovery and of PNN de-
position in different behaviors should be revealing.

Our experiment shows that delayed ChABC treatment re-
mains able to induce sprouting of different spinal fibers in

Figure 9. Rehabilitation upregulated components of PNNs after spinal cord injury. a– c, Fluorescence images of Crtl1 200 �m from the lesion site, with (a) or without any rehabilitation (control,
b) and colocalization with neurons showing PNN structures (c). d–f, Fluorescence images of WFA 200 �m from the lesion site, with (d) or without any rehabilitation (e) and colocalization with
neurons showing PNN structures (f ). g–i, Fluorescence images of aggrecan 200 �m from the lesion site, with (g) or without any rehabilitation (h) and colocalization with neurons showing PNN
structures (i). j, k, Fluorescence images of Crtl1 200 �m from the lesion site after ChABC treatment showing the removal of perineuronal staining (j) and colocalization with neurons showing some
upregulation inside the cell (k). l, m, Fluorescence images of WFA 200 �m from the lesion site after ChABC treatment showing the removal of WFA staining (l ) and colocalization with neurons (m).
Scale bar, 100 �m. n, Quantification of relative intensity of Crtl1, WFA, and aggrecan 200 �m from the lesion site with or without rehabilitation. Rehabilitation significantly increased the level of
Crtl1 around the lesion (**p�0.01). o, Quantification of the percentage of neurons with Crtl1 �ve, WFA �ve, or aggrecan �ve PNNs. Rehabilitation significantly increased the percentage of Crtl1 �ve

net carrying neurons (*p � 0.05). There was an increase in the percentage of neurons with WFA �ve nets with rehabilitation; however, this was not statistically significant. p, Quantification of
thickness of the Crtl1 �ve, WFA �ve, or aggrecan �ve PNNs. Rehabilitation slightly but significantly increased the thickness of the Crtl1 �ve nets.
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chronic SCI, and that this increase in sprouting is sufficient to
drive functional recovery when combined with rehabilitation.
The timing and methodology we used could be applied to human
SCI patients.
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López-Vales R, Forés J, Navarro X, Verdú E (2007) Chronic transplantation
of olfactory ensheathing cells promotes partial recovery after complete
spinal cord transection in the rat. Glia 55:303–311.
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