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Abstract
Chondroitin sulfate proteoglycans (CSPGs) are upregulated in the central nervous system following
injury. Chondroitin sulfate glycosaminoglycan (CS GAG) side chains substituted on this family of
molecules contribute to the limited functional recovery following injury by restricting axonal growth
and synaptic plasticity. In the current study, the effects of degrading CS GAGs with Chondroitinase
ABC (Ch’ase ABC) in the injured spinal cords of adult cats were assessed. Three groups were
evaluated for 5 months following T10 hemisections: lesion–only, lesion + control, and lesion +
Ch’ase ABC. Intraspinal control and Ch’ase ABC treatments to the lesion site began immediately
after injury and continued every other day, for a total of 15 treatments, using an injectable port system.
Delivery and in vivo cleavage were verified anatomically in a subset of cats across the treatment
period. Recovery of skilled locomotion (ladder, peg, and beam) was significantly accelerated, on
average, by >3wks in Ch’ase ABC-treated cats compared to controls. Ch’ase ABC-treated cats also
showed greater recovery of specific skilled locomotor features including intralimb movement
patterns and significantly greater paw placement onto pegs. Although recovery of basic locomotion
(bipedal treadmill and overground) was not accelerated, intralimb movement patterns were more
normal in the Ch’ase ABC-treated cats. Qualitative assessment of serotonergic-immunoreactivity
also suggested that Ch’ase ABC treatment enhanced plasticity. Finally, analyses using fluorophore-
assisted carbohydrate electrophoresis (FACE) indicate CS GAG content is similar in cat and human.
These findings show, for the first time, that intraspinal cleavage of CS GAGs can enhance recovery
of function following spinal cord injury in large animals with sophisticated motor behaviors and
axonal growth requirements similar to those encountered in humans.
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INTRODUCTION
The inability of damaged axons to regrow following spinal cord injury (SCI) leads to permanent
impairments in motor and sensory function below the level of the lesion. An injury-induced
increase in chondroitin sulfate proteoglycans (CSPGs) at the lesion site is at least one factor
that contributes to the growth inhibitory nature of the injured spinal cord (Lemons et al.,
1999;Jones et al., 2002;Jones et al., 2003;Tang et al., 2003; reviewed by Morgenstern et al.,
2002;Silver and Miller, 2004;Busch and Silver, 2007). The common feature among this large,
diverse family of molecules is the presence of chondroitin sulfate glycosaminoglycans (CS
GAGs), which are side chains attached to the core proteins of CSPGs.

Substantial evidence suggests that removal of CS GAGs, most commonly achieved using
Chondroitinase ABC (Ch’ase ABC), substantially reduces the inhibitory nature of CSPGs
during development and in vitro (Snow et al., 1990;McKeon et al., 1995;Zuo et al., 1998;Chung
et al., 2000). More recently, disruption of CS GAGs with Ch’ase ABC in vivo has been shown
to enhance axonal growth and behavioral recovery (Yick et al., 2000;Moon et al.,
2001;Bradbury et al., 2002;Chau et al., 2003;Yick et al., 2003;Caggiano et al., 2005;Barritt et
al., 2006;Houle et al., 2006), as well as synaptic plasticity in rodents (Tropea et al., 2003).
These promising results have led our lab to investigate whether disruption of CS GAGs can
promote functional recovery following SCI in a larger, more complex mammalian species, the
cat.

The extension of potential therapeutic effects in the rat to the cat represents an important
translational step. Ch’ase ABC continues to be studied, in part, because some think it may be
a potential avenue to pursue for clinical studies of human SCI. One of the recommended
strategies for translating preclinical-therapeutic candidates from the laboratory to clinical
testing includes testing the efficacy of the therapy in multiple species (Anderson et al.,
2005;Blight and Tuszynski, 2006). In addition to the cat’s remarkable locomotor capacity and
its importance as a model in providing the foundation for evolving locomotor rehabilitation
strategies (Lovely et al., 1986;Hodgson et al., 1994;Behrman and Harkema, 2000;Wernig et
al., 2000;deLeon et al., 2001;Behrman et al., 2006), the cat presents significant scale-up barriers
that must be overcome to successfully treat the human central nervous system after injury. The
translational impact of these findings is important due to several factors including the cat’s
sophisticated motor system and its size which presents physical challenges that are more similar
to those that will be encountered in the human. To determine the effects of disrupting CS GAGs
on motor recovery, the locomotor performances of three groups of cats with T10 spinal
hemisections were compared: lesion-only, lesion + control, and lesion + Ch’ase ABC. The
hemisection model was chosen as it permits substantial recovery, and thus enables evaluation
of interventions on more skilled behaviors (Helgren and Goldberger, 1993). The control and
Ch’ase ABC treatments were delivered intraspinally at the level of the lesion using
subcutaneous ports with sub-dural tubing. Control or treatment injections into the ports were
made every other day for one month (for a total of 15 injections). General recovery trends, as
well as specific features of locomotion, were evaluated across a variety of basic and skilled
locomotor tasks for five to six months. Our findings while confirming the work reported in rat
models of SCI, identify novel effects of Ch’ase ABC including the accelerated onset of some
locomotor recovery, as well as enhanced recovery of intralimb angular kinematic patterns and
accuracy of limb trajectories, in the cat. Further, these findings suggest that Ch’ase ABC is
effective in altering the extracellular matrix of the spinal cord and enhancing recovery of
function across species.
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MATERIALS AND METHODS
Fresh frozen, normal, adult, human spinal cord specimens were obtained from the University
of Maryland’s Brain and Tissue Bank for Developmental Disorders (Baltimore, MD). In
compliance with HIPAA guidelines, a “Certificate of Research on Decedents” was acquired
from the University of Florida Institutional Review Board and a “Report of Subcommittee on
Human Studies” was acquired from the Malcom Randall VA Medical Center for the use of
this tissue.

All animal procedures were conducted in accordance with the NIH guidelines for the care and
use of experimental animals and were approved by both the Malcom Randall VA Medical
Center’s and University of Florida’s Institutional Animal Care and Use Committees.

This study reports on the locomotor function and recovery of 9 cats. These cats were carefully
chosen from a larger group based upon their post mortem lesion morphology. This was done
so that the lesion size and location of tissue involvement was very similar in all cats and would
reduce the potential for lesion differences that could confound interpretation of any treatment
effects on recovery. These lesions were left hemisections that completely disrupted ipsilateral
gray and white matter, along with a partial interruption of the contralateral dorsal column (Fig.
1B). In addition to basic histological evaluation of the lesions with cresyl violet and myelin
stains, immunohistochemistry was performed. Five additional cats also were prepared for
histology. One, with a comparable lesion and survival period to the nine described above, was
processed for all histology and immunohistochemistry. The four others had shorter survival
periods (24 hours, 2 weeks, and 4 weeks) and were assessed for in vivo cleavage of CS GAGs
with Ch’ase ABC. Normal spinal cord tissue specimens from 2 other cats, as well as 4 rats and
4 humans were used for biochemical evaluation. This tissue was stored at −80°C until used for
fluorophore-assisted carbohydrate electrophoresis (FACE) analyses.

All cats were purpose bred, SPF, adult, females. Cats were spayed to remove the potential for
hormone-related effects on injury magnitude and prevent interruptions in behavioral training
or data collection due to the postural changes associated with estrus (Sribnick et al., 2005;
reviewed by Sribnick et al., 2003). Cats were trained on a daily basis and conditioned pre-
injury to perform a variety of simple and skilled locomotor behaviors consistently for food
rewards. Pre-injury (normal) data were recorded and used to establish performance baselines.
Cats then received low thoracic spinal hemisections (~T10) and were placed into one of three
groups: lesion–only (n=3), lesion + control (n=3; saline (1) and deactivated Ch’ase ABC (2)),
or lesion + Ch’ase ABC (n=3) treatment. Animals placed into treatment groups had ports
implanted subcutaneously and received Ch’ase ABC or control treatment into the lesion site
every other day for 1 mo., for a total of 15 treatments. Post-injury, daily training resumed within
days and locomotor characteristics were evaluated qualitatively and quantitatively at multiple
time points for at least 5–6 mo. At the end of the behavioral studies cats were sacrificed by
transcardial perfusion to assess lesion morphology and axonal growth using histological and
immunohistochemical techniques, respectively.

Surgical Procedures
Spinal cord hemisection and micro-implantable port placement—Animals
received Penicillin G, procaine (40,000 U/kg BW, IM) the day before, the day of, and the day
after surgery. Prior to anesthesia, subcutaneous injections of atropine sulfate (0.04–0.06 mg/
kg) and acetylpromazine (0.4–0.5 mg/kg) were given to control salivation and sedate the cat.
Initial anesthesia was inhaled in a gaseous chamber supplying a 2–5% isoflurane and oxygen
mixture. Animals were then intubated, and a surgical plane of anesthesia maintained with
isoflurane (typically 2–3%). Throughout surgical procedures, heating pads were kept under
animals to maintain body temperature. Temperature, blood pressure, EKG, respiration, and
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expired CO2 were continuously monitored and maintained within normal physiological limits;
and IV fluids (Lactated Ringers, 10 ml/kg/h) were given throughout the duration of the
procedures.

The spinal cord was exposed by removal of the laminae, and a left lateral hemisection (Fig.
1B) made using iridectomy scissors at ~spinal T10. Gentle suction with a pulled pipette was
used to lift any fibers adhering to the dura to facilitate cutting without compromising the
integrity of the dura. Immediately following hemisection, cats that received Ch’ase ABC or
control treatment had gelfoam (Pharmacia & Upjohn, Inc., Peapack, NJ) soaked in either
protease-free Ch’ase ABC (1 U/200 μl saline, Seikagaku Corp., Tokyo, Japan) or control
solution (heat inactivated Ch’ase ABC or saline-only) placed into the lesion cavity. This
gelfoam was left in the cavity for ~30 min, as the micro-implantable infusion ports (Harvard
Apparatus, Holliston, MA) were put in place, and removed prior to suturing of the dura. The
port body was placed within the subcutaneous space ~2½ cm lateral to the lumbar vertebral
column. It was adhered to the back muscle with vetbond (Webster Veterinary Supply, Inc.,
Sterling, MA) and sutures. This placement permitted subcutaneous injections of Ch’ase ABC
(or control) into the port. The port tubing was sutured to muscle and its distal tip placed within
the lesion cavity. To maintain the position of the tubing, it was adhered to the adjacent, caudal
lamina with vetbond. In addition, the dura was sutured (8-0 Prolene) so that the tubing tip was
trapped under the dura at the level of the lesion cavity (Fig. 1A). The port reservoir and tubing
were flushed and filled with the appropriate treatment prior to suturing of the dura. Ports were
not placed into lesion-only animals, however, following hemisection the dura still was sutured.
All animals had durafilm (Codman-Shurtleff, Inc., Randolph, MA) placed over the sutured
dura and tucked under the cut edges of the vertebra to decrease scar tissue attachment to the
dura. Gelfoam was placed on top of the durafilm, and muscle and skin were sutured in layers
using 2-0 and 3-0 absorbable suture (Dexon), respectively. Anesthesia was terminated, and
cats were extubated and placed in humidity and temperature controlled chambers to recover.
Buprenorphine (0.01 mg/kg, SQ) was administered and given every 6–12 h (0.005–0.01 mg/
kg, SQ) for ~48 h post-surgery.

Post-operative care—Procedures used to maintain the general health of the spinal cord
injured cats are similar to those described in our previous studies (Howland et al.,
1995a;Howland et al., 1995b). Animals were housed singly or in pairs in cages on thick beds
(~12.5–20 cm) of shredded newspaper or several layers of egg crate foam post-injury. The
absorbent and non-resistive nature of these beddings prevented skin breakdown, peripheral
nerve compression, and pressure sores. For the first few days following injury, bladders were
emptied at least three times daily using gentle manual pressure applied externally to the bladder
through the abdominal wall. The health status including food intake, skin integrity, and body
weight of all animals was monitored closely throughout the entire study.

Treatment administration—Control treatments were either saline-only or Ch’ase ABC that
had been heat inactivated at 100°C for 15 min (referred to as “deactivated Ch’ase”). Before in
vivo delivery, the presence of enzymatic activity for Ch’ase ABC and absence of enzymatic
activity for control treatments was verified using one of two techniques: immunohistochemistry
or fluorophore-assisted carbohydrate electrophoresis (FACE). Because the signals detected by
both techniques rely on enzymatic cleavage of CS GAGs, the presence and absence of C6SPG
immunoreactivity or lyase bands was used to confirm enzyme activity and inactivity,
respectively.

Because Ch’ase ABC does not remain stable at body temperature for extended periods of time
(Tester et al., 2007), port reservoirs were filled with a silicone substance (RTV Silicone
Adhesive, NuSil Silicone Technology, Carpinteria, CA) to reduce reservoir volumes to ~25
μl. This reduction in volume guaranteed enzyme would be delivered and turned over often

Tester and Howland Page 4

Exp Neurol. Author manuscript; available in PMC 2010 February 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



enough to remain active and ensure continual degradation of CS GAGs. Fifty microliters of
sterile saline, deactivated Ch’ase ABC (0.25 U in 50 μl of saline), or protease-free Ch’ase ABC
(0.25 U in 50 μl of saline) were injected every other day for 1 mo. The only two exceptions
included the animals surviving 24 hours or 2 weeks that received treatment at the time of injury
or every other day until sacrifice, respectively. The concentration delivered was the same as
used in Bradbury et al. (2002). However, because the cat’s spinal cord is more than four times
the size of the rat’s, the volume delivered was increased by a multiple of four. Cats were lightly
anesthetized by inhalation of a 1–3% isoflurane and 1 L O2 mixture while the 50 μl were slowly
injected over a 5 min period using a syringe pump (Harvard Apparatus, Holliston, MA).

Behavioral Training and Assessments
General—Prior to injury, animals were conditioned to perform bipedal treadmill locomotion
(0.5 m/s) and a variety of voluntary overground tasks including traversing wide and narrow
overground runways, a horizontal ladder, and a pegboard for food rewards. Following injury,
training resumed within 2–3 days on the treadmill and basic overground runway. If needed,
trainer assistance was initially given. Other tasks were re-integrated as soon as weight support
and postural control permitted. Animals that could not independently perform the more skilled
tasks were assisted in performing them until independence was achieved.

Animals were evaluated qualitatively on a daily basis; and periodically their performances
were filmed for quantitative assessment of the left hindlimb, which is the limb most greatly
affected by the lesion. On training days, food was provided only in the behavior room. On non-
training days (weekends) animals were fed ad lib in their cages.

Locomotor tasks and quantitative assessments
Bipedal locomotion—Bipedal locomotion was typically performed on a motor driven
treadmill 5 times/week at 0.5 m/s. The exception occurred immediately following injury when
slower speeds were used. Animals were trained to stand with their forelimbs on a stationary
platform while their hindlimbs stepped in response to the moving treadmill belt. A pureed food
reward was continually provided in a food bowl suspended at the front end of the treadmill.

Overground locomotion—Cats were trained, at least 3 times/week, to traverse a 30.5 cm
wide × 4.5 m long horizontal (basic overground) runway at a constant speed. Food rewards
were given at each end of the runway. The choice speed for each cat was based upon the speed
that appeared most comfortable in the fast walk/slow trot range for each cat. These speeds
varied some between cats based upon individual disparities including physical size. Post-injury
speeds chosen for quantitative analyses were closely matched to pre-injury speeds.

Ladder, pegboard, and narrow beam crossings—Cats were trained at least 2 times/
week to cross a 30.5 cm × 4.5 m horizontal ladder with rungs (~2.5 cm wide spaced 15 cm
apart), a 4.5 m horizontal pegboard with alternating pegs (pegs with 3.8 cm × 3.8 cm square
surfaces spaced 15 cm and 20 cm apart with regards to width and length, respectively, along
the runway), and a 5 cm × 4.5 m (narrow) beam. These runways were used to evaluate control
of precise hindimb placement. Crossing times and speeds were calculated and the most
common speeds chosen within and across time points. These speeds were invariably the speeds
at which the animal performed the best. Within the chosen speeds, left hindlimb accuracy was
evaluated on the ladder and pegboard, and classified into one of two categories--a hit onto the
ladder rung/peg or a miss. To be categorized as a hit, the hindlimb had to be placed effectively
and maintained without slipping off. On very rare occasions, an animal’s trajectory resulted in
some initial contact immediately followed by loss of contact (brushed or slipped off the
runway). In these extremely unusual instances, the steps were categorized as misses. If a cat
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never recovered the ability to cross one of these skilled runways, its recovery onset for that
task was considered 150 days (the end of the post-injury behavioral analyses).

3-D angular kinematics—Left hindlimb performance on the treadmill, basic overground,
and narrow beam were evaluated using 3-D angular kinematic analyses. Reflective spheres (8
mm) were placed on the shaved skin overlying 4 hindlimb bony landmarks (iliac crest, greater
trochanter, lateral malleolus, and the base of the fifth metatarsal). A fifth reflective marker was
placed overlying the fibula just above the lateral malleolus. This marker defined a unit vector
along the shaft of the fibula, which in combination with the length of the fibula, permitted the
automatic calculation and identification of the knee joint using Motus software (Vicon Peak,
Englewood, CO). Using the Peak Performance Analysis System (Vicon Peak, Englewood,
CO), joint angles for the left hip, knee, and ankle were calculated throughout the step cycle for
ten steps for each form of locomotion at each time point reported. Only steps from bouts
consisting of 7 or more contiguous step cycles performed with the cat’s head consistently at
the food bowl were assessed during locomotion on the treadmill. During both treadmill and
basic overground runway locomotion, the first and last steps of each bout or crossing sequence
were excluded from analyses to remove acceleration and deceleration effects.

Lesion Morphology: Histological and Immunohistochemical Techniques
Perfusions—Between 5 and 7 mo post-injury, cats were deeply anesthetized with an
overdose of sodium pentobarbital (>40 mg/kg, IP) and then injected intravenously with 1 cc
of heparin (1000 U) followed 20 min later by an intravenous injection of 1% sodium nitrite (1
cc). Immediately after injection of sodium nitrite, cats were perfused transcardially with 0.9%
saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Spinal cords
were removed, blocked, and cryoprotected in 30% sucrose in 4% paraformaldehyde. Tissue
was frozen and sectioned serially at 25 μm on a cryostat. One out of every ten sections was
stained with cresyl violet (cresyl violet with acetate, Sigma-Aldrich, St. Louis, MO) and myelin
stains (Eriochrome Cyanine R; Fluka, New York, NY) to examine basic lesion morphology.
Some of the remaining sections were placed in buffer and processed for
immunohistochemistry.

Basic histology: cresyl violet and myelin staining—Sections were mounted onto
chrom alum and poly-L-lysine coated slides (chromium potassium sulfate and poly-L-lysine,
Sigma-Aldrich, St. Louis, MO; gelatin, Fisher Scientific, Hampton, NH) and fully dried. Tissue
was then rinsed in distilled water, dehydrated through increasing alcohol concentrations, and
placed into xylene before being rehydrated through decreasing alcohol concentrations into
distilled water. Sections were then stained for myelin (0.16% Eriochrome Cyanine R, 0.36%
FeCl, 0.9% HCl, and 0.4% H2SO4) for 10 min, washed thoroughly, differentiated in 1%
ammonium hydroxide for 1 min, and washed again. Sections next were stained with 0.5%
cresyl violet acetate, rinsed with 70% ethanol, differentiated in 1% glacial acetic acid in 95%
ethanol, dehydrated in 95% and 100% ethanol, and placed into xylene and coverslipped using
DPX (Fluka).

Immunohistochemistry—Immunohistochemical staining was conducted for four reasons:
1) to verify the enzymatic activity of Ch’ase ABC and inactivity of heated Ch’ase ABC prior
to use as an active or control treatment, respectively, in cats, 2) to verify Ch’ase delivery and
CS cleavage in vivo after Ch’ase ABC treatment, 3) to identify CSPG expression in areas of
the lesion 5+ mo after injury, and 4) to assess a descending supraspinal system that may show
anatomical plasticity. Sections were processed using the monoclonal C6SPG (1:1000, MP
Biomedicals, Irvine, CA) and polyclonal anti-serotonin (1:20,000, Diasorin, Stillwater, MN)
antibodies. The C6SPG antibody labels the sugar stubs left on the core protein of chondroitin
sulfate proteoglycan (CSPG) following enzymatic digestion with Ch’ase ABC (Seikagaku
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Corp., Tokyo, Japan). Briefly, the procedure was as follows: the tissue sections were first rinsed
with Tris-buffered saline (TBS, pH 7.2) and then incubated with Ch’ase ABC (1 U/2 ml TBS
containing 3% fresh NaCl, pH 8.0) at 37°C for 3 h. Following this 3 h incubation, the tissue
was rinsed with 1% serum in TBS containing 0.4% triton (1% S-TBS-T, pH 7.2), blocked with
TBS-T containing 10% serum for 30 min. at room temperature, and incubated with the primary
antibodies overnight at 4°C in 1% S-TBS-T. The next day, the tissue sections were rinsed well
with 1% S-TBS-T before and after an 1 h incubation with Alexa Fluoro 488 (1:400, Molecular
Probes, Eugene, OR) or 594 (1:1000, Molecular Probes) secondaries and Hoescht (1:2000,
Sigma-Aldrich). The sections were then rinsed with 4% paraformaldehyde in phosphate
buffered saline (PBS, pH 7.4) and then 0.1 M PB (pH 7.4). Sections used to examine in vivo
cleavage by Ch’ase ABC were processed without the addition of Ch’ase ABC during the
immunohistochemical procedure. Positive and negative controls were processed
simultaneously, and sections were coverslipped using the ProLong Anti-Fade Kit (Molecular
Probes).

Density Measurements—Densities of serotonergic positive-axons were calculated for the
lesioned (left) side of the spinal cord from tissue cross sections. Multiple sections were stained
for serotonin and qualitatively assessed. Density measurements were calculated from the
section with the greatest amount of staining in each animal within the lesion. These sections
were taken from ~2000 μm into the rostral aspect of each lesion. Using the KS400 Zeiss image
analysis system (version 3.0, Germany), the left side of the spinal cord (lesion) was outlined
using the dorsal columns, central canal, ventral medial funiculi, and contralateral gray matter
as landmarks to identify midline. The amount of immunoreactivity within the outlined area
then was quantified.

Fluorophore-Assisted Carbohydrate Electrophoresis—Fluorophore-assisted
carbohydrate electrophoresis (FACE) was used to 1) determine the variability in CS GAG
composition from spinal cord tissue across several species and 2) confirm enzymatic activity
of Ch’ase ABC and heat inactivation of deactivated Ch’ase ABC prior to use in cats. FACE
methods were modified from those previously published (Gilbert et al., 2005;Tester et al.,
2007). To evaluate CS GAG composition in the uninjured spinal cord across species, unfixed
tissue samples were digested with 1 ml proteinase K (Invitrogen, Carlsbad, CA, 1 mg/1 ml 0.1
M ammonium acetate)/20 mg tissue (wet weight) at 60°C, overnight. The following day,
samples were heated at 90°C for 10 min. and centrifuged to pellet debris. A double ethanol
precipitation was then performed by adding 1 ml of −20°C absolute ethanol, 2 times to the
original, 500 μl supernatant of samples and letting samples sit overnight at −20°C each time.
After each precipitation, samples were centrifuged and the supernatant was removed. Once
both precipitations had been performed, the remaining pellet was evaporated to completion.
For those samples used to verify activity and inactivity of Ch’ase ABC, spinal cord tissue was
not used. Instead, 5 μg of purified CS from bovine trachea (1 mg/ml dH2O) were evaporated
to completion. Next, 100 μl 100 mM ammonium acetate and 1 μl of Ch’ase ABC (2 U/200
μl dH2O) was added to all samples, and samples were incubated at 37°C for 6 hr. After digestion
with Ch’ase ABC, samples were again dried under vacuum and then incubated overnight (~16
hr) at 37°C with 10 μl sodium cyanide borohydride (2.5 mg/40 μl dH2O, Sigma, St. Louis,
MO) and 10 μl of the fluorescent tag, 2-aminoacridone, hydrochloride (Molecular Probes, 25
mg/8.1 ml 3:17 acetic acid:DMSO). On the fifth, and final, day 40 μl of 25% glycerol was
added to stop the reaction, and samples were loaded and separated on 30% polyacrylamide
gels at 250 V for 3–4 h using a tris borate running buffer. Gels were imaged using a Biorad
Gel Doc and the Quantity One imaging and analysis system. Band intensities from the different
lyase products directly relate to the amount of various CS GAGs present in spinal cord tissue
and allow us to compare the CS GAGs across species. Additionally, the presence or absence
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of bands, or lyase products, from CS samples digested with Ch’ase ABC or deactivated Ch’ase
ABC confirms enzyme activity and inactivity, respectively.

Statistical analyses—Using SPSS software (Chicago, IL), one-way, between-subjects
ANOVAs were conducted to determine if onset of recovery differed between the three groups
for basic and skilled locomotion. Using an α level of .05, post-hoc t-tests were conducted to
isolate more precisely any differences between the groups. Mixed (time × treatment) two-factor
ANOVAs also were conducted to determine the effects of time and Ch’ase ABC treatment on
specific features of locomotion used to assess behavioral recovery. Bonferroni-corrected post-
hoc t-tests were conducted to isolate differences revealed by the ANOVAs. For time, post-hoc
comparisons were made between 1) pre-injury and 20+ weeks and 2) 2 weeks and 20+ weeks.
These comparisons were chosen to determine whether 1) features of locomotion at the most
chronic time point were significantly different from normal and 2) the amount of recovery
occurring between acute and chronic time points post-injury was significantly different. In
addition, post-hoc comparisons were done to compare all treatment groups and determine
whether Ch’ase ABC treatment had a significantly different effect than control treatments.

Using an α level of .05, t-tests were conducted to determine if serotonergic staining in the lesion
differed between the control and Ch’ase ABC groups.

RESULTS
CS GAG Similarity Between Human And Cat

Chondroitinase ABC was used to cleave CS GAGs in spinal cord tissue samples from non-
injured rat, cat, and human. The lyase products resulting from cleavage were assessed using
FACE (Fig. 3). The Δ4S band density was similar in all three species; however, the Δ6S band
was notably weaker in the rat compared to the cat and human. Although the Δ0S band could
be seen in samples from all species, it was present in the smallest quantities (not shown). Thus,
the cat and human are more similar to each other, in that they have two predominant
disaccharides (Δ4S and Δ6S), compared to the rat in which Δ4S disaccharide is dominant.

Ch’ase ABC Cleavage In Vivo
To verify that Ch’ABC delivered in vivo was able to penetrate spinal cord tissue and cleave
CS GAGs, tissue sections throughout the lesion/delivery site and adjacent segments were
assessed using an antibody that attaches only after cleavage. Assessment of tissue sections after
a single treatment, as well as after 2 weeks and 4 weeks of treatment showed that Ch’ase ABC
was effectively delivered and capable of cleaving CS GAGs in the cat. Staining was seen at
the lesion edges 24 hours after a single exposure to Ch’ase ABC at the time of injury. The area
of staining was greatly expanded at 2 weeks, such that it was apparent around the lesion and
in adjacent gray and white matter. Staining was primarily isolated to the lesion side and
extended at least 2 spinal segments (the maximum distance assessed). A similar staining
distribution was seen after 4 weeks of treatment (Fig. 2). Comparison with an animal not treated
with Ch’ase ABC showed that staining was correlated with the delivery of Ch’ase ABC.

Rate of Behavioral Recovery
General health was not compromised for any of the cats following spinal cord injury. Food
intake, skin integrity, and body weight all were maintained and normal for the duration of the
study. The primary effect of the lesion was on the control of the hindlimb ipsilateral to the
lesion (the left hindlimb). Behavioral data assessing recovery (rate and amount) is reported for
three experimental conditions: lesion-only (no port placement, n=3), lesion + control (port
placement with control treatment; saline, n=1 and deactivated Ch’ase ABC diluted in saline,
n=2); and lesion + Ch’ase ABC (port placement with Ch’ase ABC diluted in saline, n=3).
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Behavioral recovery of the control animals treated with saline or deactivated Ch’ase ABC was
similar for all three animals; and therefore, the data for these animals was combined and is
presented as lesion + control data. For animals in all groups, the left hindlimb was quickly re-
integrated during bipedal treadmill and basic overground locomotion. Although some cats
began to use the left hindlimb within days of injury, all cats had actively integrated the left
hindlimb during both tasks by the second week post-injury. The ability to produce primarily
plantar steps (versus stepping on the dorsum of the paw) during both tasks occurred during the
second and third weeks of recovery. These results are consistent with other reports of recovery
following hemisection (Helgren and Goldberger, 1993;Basso et al., 1994;Kuhtz-Buschbeck et
al., 1996), and no differences in the average onset of recovery for these two tasks or plantar
stepping were seen between the three groups of cats. Recovery of skilled locomotor tasks
(ladder, pegboard, and narrow beam crossings) requiring greater balance and limb accuracy
occurred more slowly than either bipedal or basic overground locomotion, and did not begin
until at least the second week post-injury. The ability to cross the ladder occurred the earliest,
followed by crossing of the narrow beam and pegboard. The average onset of recovery was
significantly accelerated in the cats treated with Ch’ase ABC compared to cats with lesions-
only (t(15) = 2.407, p =.029) and cats receiving control treatment (t(15)=2.506, p = .024) (Fig.
4). Moreover, all cats treated with Ch’ase ABC regained the ability to accomplish all three
skilled tasks while some control cats did not. One lesion + control animal never regained the
ability to traverse the narrow beam, while two lesion + control animals never regained the
ability to independently traverse the pegboard. Finally, while all Ch’ase ABC treated cats
integrated their left hindlimbs during these tasks, some control cats crossed these runways
using only three limbs (i.e. without using the left hindlimb). These findings suggest that Ch’ase
ABC accelerates and enhances recovery. To determine if Ch’ase ABC treatment had additional
effects, we also assessed specific features of locomotion (below).

Intralimb Movement Patterns
Intralimb movement patterns were evaluated by monitoring the hip, knee, and ankle joint angles
used throughout the step cycle during bipedal treadmill locomotion, as well as on crossings of
the basic overground runway and narrow beam. These data are presented as plotted forms in
which two joint angles are graphed against each other (see inset in Fig. 5). For these analyses,
it is critical to compare pre- and post-injury performance within cats as each cat, like humans,
may have unique movement patterns. The most common post-injury change seen was a general
increase in knee flexion on all three locomotor tasks in both control groups (Fig. 5 and Fig. 6).
The Ch’ase ABC group, however, typically did not show this abnormal increase in flexion
during bipedal treadmill or basic overground locomotion. Examples of these kinematic
differences between pre- and post-injury time points and groups are shown for the hip and knee
in Fig. 5. The intralimb movement patterns of Ch’ase ABC treated cats at 16 weeks post-injury,
when recovery has plateaued, are very similar to pre-injury patterns, which is in contrast to the
control groups. This similarity can be appreciated as an overlap of the plotted forms for pre-
injury (dashed) and 16 weeks post-injury (gray) joint angles (Fig. 5C,F). During crossing of
the narrow beam, increases in both knee and ankle flexion were observed in all groups (Fig.
6). On this skilled task, intralimb dynamics did not recover to the same degree as on the basic
forms of locomotion. However, the performance of the Ch’ase ABC treated cats is superior in
several ways. As indicated above, all Ch’ase ABC treated cats recovered the ability to use their
left limb while independently traversing the narrow beam, while some controls did not. The
controls that did not use their limb (example shown in Fig. 6B,E,H) showed a general flexion-
extension cycling pattern without a stance phase or the characteristic points of transition
between stance and swing. Although controls that used their left hindlimbs showed a more
normal limb dynamic (Fig. 6A,D,H), the range of their general limb movements were larger
than those seen pre-injury and in the Ch’ase ABC treated group (Fig. 6C,F,I), suggesting that
they had less limb control overall.
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Hindlimb Accuracy
Left hindlimb control was further evaluated by assessing hindlimb placement onto ladder rungs
and pegs during crossings on the horizontal ladder and pegboard. Although the mean number
of step cycles in which the left hindlimb was placed and maintained on the ladder rung was
greater at all time points, except 8 weeks, for the Ch’ase ABC treated group compared to
controls, the mixed-factor did not reveal these treatment differences to be significant. The time
factor, however, was significant (F(1.73,10.37) = 20.94, p = 0.000 ε = 0.346, Greenhouse-
Geisser correction (ε) was applied for violation of the assumptions of sphericity for comparison
involving 2 or more degrees of freedom). Post-hoc comparisons isolated the differences
between the 2 week and 20+ week time points, suggesting a significant amount of recovery
occurred over time, independent of treatment. In contrast, performance on the pegboard (Fig.
7) was significantly different across both time (F(2.75,16.51) = 42.48, p = 0.000, ε = 0.550 and
treatment (F(2,6) = 23.41, p = 0.001), Greenhouse-Geisser correction (ε) was applied for
violation of the assumptions of sphericity for comparison involving 2 or more degrees of
freedom). Differences in the average performance of all cats collectively, across time, were
statistically significant. Pair wise comparisons detected significance between pre-injury and
20+ weeks (p = 0.001) and 2 and 20+ weeks (p = 0.008). This suggests that although hindlimb
placement improves significantly over time after injury, the average collective performance
post-injury is still significantly different from pre-injury performance. Pairwise comparisons
for treatment effects detected significant improvement in hindlimb accuracy for Ch’ase ABC
treated animals in comparison to control animals (control treatment, p = 0.002 and lesion-only,
p = 0.007), with no statistical difference found between control groups. By 4 weeks post-injury,
cats in the Ch’ase ABC treated group were placing and maintaining their left hindlimbs on the
pegs 50% of the time. This is a period when no cats in the control groups could even cross the
pegboard (Fig. 7). The performance of Ch’ase ABC treated animals continued to improve so
that by 20+ weeks after injury, hindlimb placement onto pegs occurred 100% of the time
compared to an average of <25% by the best control group. The superior performance of the
Ch’ase ABC group was accomplished using a strategy not typically seen prior to injury. Normal
cats typically keep their left limbs on the pegs on the left side of the board and their right limbs
on the right pegs. In contrast, the Ch’ase ABC treated cats consistently placed their left
hindlimbs on the right pegs. Moreover, they placed their left hindlimb on the right peg just
before or immediately after the right hindlimb vacated the peg. In addition, it is important to
note that animals treated with Ch’ase ABC crossed both the ladder and peg board at speeds
equivalent to or faster than animals in control groups (data not shown). Thus, slowed (more
cautious) crossing speeds did not account for this group’s ability to place and maintain the left
hindlimb on a peg.

Lesion Characterization
Serial sections throughout the lesion from each cat 20+ weeks post-injury were stained using
cresyl violet and myelin stains to determine the cross sectional extent of each animal’s lesion.
All animals included in the study showed comparable disruption and preservation of the gray
and white matter at the lesion epicenter (Fig. 1B). To further characterize the lesion area,
antibodies against CSPGs and serotonin were used.

Regardless of treatment group, the scar area was positive for CS GAGs in all cats at the terminal
time point (20+ weeks, Fig. 8A,B). In comparison to the robust immunoreactivity on the injured
side, the spared side of each spinal cord showed a relatively normal distribution of CS GAGs
(not shown). This includes perineuronal staining throughout the gray matter, as well as the
typical honeycomb staining throughout the white matter (Pindzola et al., 1993;Davies et al.,
1999;Lemons et al., 1999). To assess if any digested CS GAGs remained from the in vivo
applications of Ch’ase ABC 4 months earlier, the levels of C6SPG immunoreactivity were
compared in sections with and without incubation in Ch’ase ABC in vitro. Attachment of the
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C6SPG antibody requires cleavage of the CS GAGs with Ch’ase ABC. Without incubation in
vitro, no immunoreactivity was seen indicating that all CSPGs with CS GAGs digested by in
vivo Ch’ase ABC delivery during the first post-injury month had been removed.

Axonal growth was assessed in the lesion areas using an antibody against serotonin.
Serotonergic-immunoreactive axons were seen within the lesion areas in animals from all
groups (Fig. 8). Some axons were seen in regions of the scar in locations that would have
previously been occupied by white matter that is not normally populated by serotonergic axons.
These locations suggest this axonal growth was new. While serotonergic-immunoreactivity in
the rostral lesion area was seen to some degree in all animals, immunoreactive profiles
qualitatively appeared more numerous in animals treated with Ch’ase ABC. Limited
quantitative assessment of fiber densities (~2000 microns into the rostral lesion) showed a trend
(p=0.08) towards a significant difference between controls (lesion-only and lesion + control)
and Ch’ase ABC treated animals (Fig. 8).

DISCUSSION
The current study shows that degradation of CS GAGs after spinal cord injury in the cat can
enhance behavioral recovery and promote axonal growth. Although all groups of cats recovered
substantial locomotor function, the performance of the cats treated with intraspinal Ch’ase
ABC was superior in multiple ways. During both bipedal treadmill and basic overground
locomotion, the kinematic patterns of the Ch’ase ABC treated cats were more similar than
either control group to those seen prior to injury. Although the ability to perform bipedal
treadmill and basic overground locomotion recovered within a similar time frame for all groups,
recovery on skilled forms of locomotion was significantly accelerated for the cats treated with
Ch’ase ABC compared to the control groups. In addition, Ch’ase ABC treated cats integrated
their left hindimbs during these skilled locomotor tasks and placed their left hindlimbs on the
pegboard significantly more than either control group. These significant differences across
groups with a small “n” underscore the robustness of Ch’ase ABC effects. In addition to the
novelty of the specific behavioral recovery, this is the first demonstration that Ch’ase ABC can
enhance recovery following spinal cord injury in a species other than the rodent.

Translational Impact
The cat offers a variety of benefits as a translational model. The larger size of the cat spinal
cord compared to a rodent’s spinal cord presents physical challenges that are more similar to
those that will be encountered in human spinal cord injury. These include the greater distance
requirements for axonal regeneration and/or sprouting to effectively contribute to functional
recovery as well as similar volume and area treatment considerations.

Data presented in this paper suggest that the CS GAGs in the cat spinal cord are more similar
to the human than the rat (Fig. 3), underscoring the importance of the cat as a translational
model for determining the effects of Ch’ase ABC for use in the human. The commercially
available Ch’ase ABC, used in this study and others, is produced by Proteus vulgaris and
contains varying mixtures of the endolytic (ABC I) and exolytic (ABC II) lyases (Hamai et al.,
1997). Although both isoforms act on the same substrates (Derby and Pintar, 1978;Hamai et
al., 1997;Calabro et al., 2000;Plaas et al., 2001;Calabro et al., 2001), they act on them at
significantly different rates (Hamai et al., 1997). There are no mammalian chondroitinase
equivalents (Ryan et al., 1994), and therefore special care must be taken in matching the
activities of the chondroitinase(s) used with the CS substrates in a particular species in order
to enhance the therapeutic effects for that species and determine the translational impact. It
also is important to note that although no chondroitinases have been identified in the human
genome, several hyaluronidase-like enzymes bearing chondroitinase-like properties have been
discovered (Csoka et al., 2001). Thus, depending upon the mechanism by which Ch’ase ABC
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works in vivo to produce desired behavioral and/or anatomical outcomes, these hyaluronidase-
like enzymes may provide one future alternative to chondroitinases of bacterial origin.

Timing of Treatment and Recovery
For the first month post-injury, Ch’ase ABC was delivered every other day using a
subcutaneous injectable port system. Based upon our recent findings (Tester et al., 2007), as
well as those of others (Curinga et al., 2007) showing that Ch’ase ABC thermostability is short-
lived at body temperature, the choice and design of this system were important to ensure
delivery of active enzyme. The effects of Ch’ase ABC in this study were determined using a
battery of locomotor tasks of increasing complexity to test the function of different levels of
the neural axis post-injury. This battery allowed collection of data that showed dramatic
differences in the rate of recovery resulting from endogenous repair (seen in controls) versus
Ch’ase ABC intervention. Although Ch’ase ABC treatment did not substantially alter the onset
of recovery for basic forms of locomotion, which occurred during the first week following
injury, it significantly accelerated recovery of the skilled forms of locomotion during the first
month post-injury. These skilled forms of locomotion recovered much later, or not at all, in
lesion-only and control treated cats. The pairing of this accelerated and consistent recovery
within the period of Ch’ase ABC delivery suggests that the enzyme had some relatively
immediate effects. The continued improvement in recovery past the treatment window,
however suggests that Ch’ase ABC promoted prolonged plasticity. Whether the same degree
of short- and long-term recovery could be obtained using a shorter treatment period remains
to be determined.

Pathways Involved in Ch’ase ABC-Mediated Recovery
Coordinated hindlimb walking on a treadmill can be accomplished using a combination of
intraspinal networks in the lumbar spinal cord, peripheral afferents, and motoneurons with no
supraspinal input (Grillner and Zangger, 1987;Guiliani and Smith, 1987;Howland et al.,
1995). Although basic voluntary forms of locomotion require supraspinal input to intraspinal
networks (known as spinal pattern generators for locomotion) to initiate stepping, it is the
skilled tasks requiring greater balance and control of limb trajectory that demand the greatest
supraspinal contributions. Work in the cat has clearly shown that both the cortico- and rubro-
spinal tracts are recruited during visually guided tasks requiring voluntary gait modifications
(Widajewicz et al., 1994;Armstrong and Marple-Horvat, 1996;Drew et al., 1996;Drew et al.,
2002). This suggests that the greater recovery of accurate limb placement on the pegboard by
cats treated with Ch’ase ABC is likely to be mediated directly or indirectly by one or both of
these two pathways. The unique strategy used by Ch’ase ABC treated cats in placing their left
hindlimbs onto the pegs, however, suggests alternative circuitry also is involved. Recent work
by other laboratories has documented that several forms of alternative circuitry can occur
following SCI (Bareyre et al., 2004;Blagoveshchenskii et al., 2005), opening the possibility
that Ch’ase ABC may affect novel or spared pathways. Studies to assess these specific
pathways have been initiated.

Locomotor Training Effects
All of the cats in these experiments were extensively trained throughout the study. Thus, the
effects of Ch’ase ABC treatment were combined with a “physical therapy” treatment. This was
done to maximize the potential for cats to perform well and identify the effects of treatment
without some of the typical confounds associated with non-use of the limbs in studies of spinal
cord injury including varying degrees of muscle weakness, joint integrity, changes in range of
motion, reluctance to use an affected limb, and motivational issues. This training paradigm
also mimics what is likely to occur in the most progressive clinical settings based upon currently
ongoing clinical trails evaluating the use of treadmill and overground locomotor training
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(Hodgson et al., 1994;Behrman and Harkema, 2000;Wernig et al., 2000;Behrman et al.;
2006;Dobkin et al., 2006). These current clinical studies are based upon fundamental studies
in the cat showing that training and the type of training can profoundly impact recovery of
locomotion (Lovely et al., 1986;Barbeau and Rossignol, 1987;de Leon et al., 1999). In addition
to the physical conditioning and practice that occurs with training, studies also have shown
that extensive exercise stimulates expression of a variety of growth factors and receptors,
thereby likely enhancing plasticity within the spinal cord (Gomez-Pinilla et al., 2002;Skup et
al., 2002;Ying et al., 2003;Hutchinson et al., 2004;Ying et al., 2006). Although it is doubtful,
it is not known if the same functional recovery would have been achieved with Ch’ase ABC
application-only. However, it is clear that training-alone was inferior to the effects of training
plus Ch’ase ABC treatment. It will be important in future studies to begin to understand the
potential interactions between these two potential therapies and if the timing of either or both
is critical.

Conclusions
The cat provides barriers that aptly challenge many of the demands set forth by human spinal
cord injury. The data from this study demonstrate that administration of Ch’ase ABC in spinal
cord injured cats may enhance axonal growth and significantly improve locomotor recovery.
Most impressive in this model, is the increased rate and extent at which the ipsilateral hindlimb
is effectively integrated by Ch’ase ABC treated cats during skilled behaviors requiring balance
and accuracy. These improvements in recovery of function suggest that Ch’ase ABC effects
changes which result in robust and prolonged plasticity. They also indicate that Ch’ase ABC,
or some other intervention through which CS GAGs can be disrupted, is likely to play important
roles in our understanding of neural repair and the future treatment of spinal cord injury.
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Figure 1.
Lesion with Port Tubing. (A) Excised spinal cord from the level of the lesion. Sutures hold the
dura closed, and port tubing (+) can be seen entering the lesion cavity. (B) A horizontal section
at the lesion epicenter stained with cresyl violet and myelin shows a typical lesion in which
the white and gray matter are disrupted on one side. The tissue is oriented with the dorsal aspect
up. Scale bar: 500 μm. * indicates the hole where the port tubing was located. R: rostral, C:
caudal.
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Figure 2.
Chondroitinase ABC Cleavage In Vivo. Longitudinal (horizontal) tissue sections were
incubated with the C6SPG antibody. (A) Tissue section from an animal that received no
treatment shows no antibody binding. (B) Tissue section from an animal treated with Ch’ase
ABC for 4 weeks in vivo shows C6SPG-immunoreactivity, indicating effective delivery of
Ch’ase ABC and its cleavage of CS GAGs. Scale bar: 1000 μm. Dashed lines indicate tissue
edges. * indicates site of port tubing in treated animal. Lx: lesioned-side, Sp: spared-side.
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Figure 3.
CS GAGs in Human, Cat, and Rat Spinal Cords. CS GAG disaccharide standards, Δ6S and
Δ4S (lane 1), and purified bovine tracheal CS (lane 5) were used as controls. In human (lane
2) and cat (lane 3) spinal cord tissue, two predominant lyases, Δ6S and Δ4S, are apparent. A
single dominant lyase, Δ4S, is present in the rat (lane 4).
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Figure 4.
Recovery Onset for Skilled Locomotor Tasks. The recovery onset of skilled locomotor
behaviors was significantly earlier for Ch’ase ABC-treated animals, compared to lesion-only
(*) and lesion + control treatment (‡) groups. Error bars denote SEM.
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Figure 5.
Angle-Angle Graphs – Treadmill and Basic Overground Locomotion. Using 3-D angular
kinematic data, one joint angle (i.e. hip, y-axis) is graphed against another joint angle (i.e. knee,
x-axis) over the course of the step cycle (inset) to permit rapid comparison of movement at
two joints across time. An averaged graph is shown for a representative cat from each group
for bipedal treadmill (A,B,C) and basic overground (D,E,F) locomotion. These graphs show
the averages of ten left hindlimb step cycles for each cat pre-injury (dashed), 4 weeks post-
injury (black), and 16 weeks post-injury (gray). In animals treated with Ch’ase ABC, intralimb
movement patterns at 16 weeks post-injury (gray) were very similar to those seen pre-injury
(dashed) during both bipedal treadmill (C) and basic overground (F). X denotes the transition
from swing to stance and O denotes the transition from stance to swing. Decreasing values for
the knee (movement of forms towards the y-axis) or hip (movement of forms toward the x-
axis) indicate increasing flexion. Increasing values (movement of forms away from the y- or
x-axis) reflect increasing extension for the knee or hip joint, respectively. Shading denotes
SEM.
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Figure 6.
Angle-Angle Graphs – Narrow Beam. Averages of left hindlimb step cycles for pre-injury
(dashed), 16 weeks post-injury (gray), and 20+ weeks post-injury black) for the highest
functioning animal in each treatment group are shown. The Ch’ase ABC treated animal had
intralimb movement patterns at 16 and 20+ weeks post-injury that were more similar to pre-
injury (C,F,I) compared to the lesion-only (A,D,G) or lesion + control (B,E,H) animals. X
denotes the transition from swing to stance and O denotes the transition from stance to swing
for pre-injury curves. See the Figure 4 legend for interpretation of increasing and decreasing
values. Shading denotes SEM.
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Figure 7.
Hindlimb Precision on the Pegboard. The percentages of left hindlimb hits were determined
from each animal’s 3 best crossings and averaged within treatment groups. Animals treated
with Ch’ase ABC recovered more quickly and were significantly better at placing their
hindlimbs onto pegs than the lesion-only (*) and lesion + control treatment (‡) groups. Error
bars denote SEM.

Tester and Howland Page 24

Exp Neurol. Author manuscript; available in PMC 2010 February 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8.
Increases in Serotonergic-Immunoreactivity with Ch’ase ABC Treatment. Tissue cross
sections stained with cresyl violet and myelin (A) and the C6SPG antibody (B) depict areas of
scarring 20+ weeks post-injury. Serotonergic positive-axons are seen in the rostral part of the
lesion (C–J). Tissue sections from Ch’ase ABC-treated (C, magnifications in E,G,I) and control
(D, magnifications in F,H,J) animals that showed the greatest amount of serotonergic
immunostaining are shown. Serotonin is typically abundant within the gray matter of the cat
spinal cord, as seen in the ventral horn (E and F) on the uninjured side of both animals. On the
injured side of the spinal cord serotonergic positive axons in CSPG positive areas of the scar
can easily be seen in animals from each group at higher magnifications of the lesion in areas

Tester and Howland Page 25

Exp Neurol. Author manuscript; available in PMC 2010 February 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



previously occupied by the dorsal lateral (G,H) and ventral medial (I,J) white matter. The
axonal profiles were considerably larger and denser in the Ch’ase ABC-treated cat (G,I)
compared to the control cat (H,J). Sections in A, B, C, and D are oriented the same with the
dorsal aspect up. Scale bar for A–D: 500 μm and scale bar for E–J: 100 μm. * indicates the
hole where the port tubing was located. Dashed lines outline intact gray matter. Lx: lesioned-
side, Sp: spared-side.
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