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Abstract

Background: Peripheral nerve grafts (PNGs) in the spinal cord 
support axonal regeneration and functional recovery. Chondroitin-
ase ABC (ChABC) has been used to break down chondroitin sulfate 
proteoglycans (CSPGs) that inhibit axonal regeneration. If ChABC 
is effectively delivered to the injury site, CSPGs can be broken 
down so axons can pass through the distal interface between the 
graft and the spinal cord before CSPG accumulation has an adverse 
impact on recovery.

Methods: In this study, we tested the synergistic effect of using 
predegenerated PNGs as scaffolds for axonal growth, while deliver-
ing ChABC via oligo-(polyethylene glycol) fumarate (OPF) tubes, 
to promote functional recovery after complete spinal cord injury 
in rats.

Results: Our results show that: 1) PNGs anatomically incorporated 
into the spinal cord after a complete transection, 2) thousands of 
axons regenerated into the PNGs, 3) cholera toxin-B labeled axons 
crossed through the graft, and 4) the combination of PNGs and 
ChABC restored significantly better locomotor function than con-
trols.

Conclusions: Our study showed that PNGs can establish a good 
anatomical bridge after SCI and set the stage for functional recov-
ery.

Keywords: Chondroitinase ABC; Glial scar; Wallerian Degenera-
tion; Oligo-(polyethylene glycol) fumarate

Introduction

Spinal cord injury (SCI) is a life changing and devastating 
trauma that impairs many otherwise very active humans 
across the world. Although there has been significant prog-
ress in spinal stabilization and medical care of patients, only 
minimal progress has been made in spinal cord regeneration 
or restoration of function.

Impairment due to spinal cord damage is the result of 
the inability of new axons to grow through the damaged sec-
tion. This is partially due to an accumulation of upregulated 
growth inhibitors such as chondroitin sulfate proteoglycans 
(CSPGs), which form a glial scar [1, 2]. The glial scar is a 
natural response to traumatic injury as it prevents infection, 
inhibits more widespread damage, and seals the blood brain 
barrier [3]. However, the densely packed network of tis-
sue and chondroitin sulfate glycosaminoglycan (CS-GAG) 
chains that make up the glial scar also inhibits axonal regen-
eration through the injury site [4]. Previously, several studies 
have shown that injection of chondroitinase ABC (ChABC), 
a bacterial enzyme that digests the CS-GAGs, promotes 
axonal sprouting and functional recovery [5-8]. Most cur-
rent methods to apply ChABC involve multiple intrathecal 
injections, which leads to both problems with diffusion and 
fluctuation of concentrations of ChABC.

Another problem is tissue degeneration after SCI, lead-
ing to cavitation and cyst formation and substantial altera-
tion of the tissue surrounding the lesion. This creates an 
anatomical gap that axons are unable to cross. There have 
been several approaches used to bridge this anatomical gap, 
including poly(lactide-co-glycolide) (PLGA) scaffolds [9, 
10], Schwann cells [11], poly(ethylene glycol) hydrogels 
[12, 13], agarose scaffolds [14, 15], and peripheral nerve 
grafts (PNGs) [16-22]. PNGs are a living tissue contain-
ing several growth factors that have been shown to promote 
axonal growth, and cytokines that modulate inflammation 
[23, 24]. Before the PNGs are used as scaffolds for axonal 
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growth in the spinal cord, they are cut proximally to allow 
for Wallerian degeneration. During Wallerian degeneration, 
there is segmentation of damaged axons and myelin, then 
removal of debris by Schwann cells and immune cells. These 
two cell types also upregulate several growth factors, which 
have been shown to enhance axonal regeneration [24]. In an 
incomplete injury model, several studies have shown that 
PNGs anatomically incorporate into the spinal cord, induce 
axonal growth, and promote functional recovery. However, 
in an incomplete injury model it can be difficult to determine 
whether the functional improvement is due to regrowth of 
axons through the graft or plasticity within the intact spinal 
cord.

Previous researchers have shown that drugs can be re-
leased from oligo-(polyethylene glycol) fumarate (OPF) 
hydrogel for a sustained time period [25, 26]. The release 
profile can be tailored by changing the molecular weight of 
the polyethylene glycol, which changes the amount of cross-
linking in the hydrogel [27].

In the present study, we tested the synergistic effect of 
using predegenerated PNGs as scaffolds for axonal growth 
after complete thoracic spinal cord transection at T10 in rats, 
while delivering ChABC via OPF tubes, to promote func-
tional recovery.

 
Methods

   
Surgical procedures and rat care

All procedures were performed in accordance with the pro-
tocols approved by The University of Wisconsin - Madison 
Animal Use and Care Committee and followed National In-
stitutes of Health guidelines for the use and care of labo-
ratory animals. Female Sprague Dawley rats weighing 200 
- 250 g. were used. For all surgical procedures, rats were 
anesthetized with 4% isofluorane, and then maintained on 
2-3% isofluorane for the duration of the surgery. To prevent 
graft rejection, rats were given 10 mg/kg/24 hr of cyclospo-
rine A via subcutaneous injection for 2 days pre-operatively 

and for 14 days afterwards, then 100 µg/mL of CsA was ad-
ministered through drinking water for the remainder of the 
study [16, 18, 28].

Specific groups tested

Rats were divided into four groups. Group 1, used as control, 
underwent complete spinal cord transection at T10. Group 2, 
after transection, received two 3 mm segments of PNGs. In 
Group 3, the PNGs were wrapped in OPF tubes containing 
ChABC in microspheres, before placement in the transec-
tion cavity. Group 4 is similar to Group 3 but ChABC was 
incorporated directly into the hydrogel tubes without micro-
spheres. For the remainder of the paper rats will be referred 
to in terms of their treatment groups.

PLGA microsphere fabrication

Microspheres were fabricated using a water-in-oil double 
emulsion technique. Briefly, 200 mg 50:50 PLGA (Lake-
shore Biomaterials) was dissolved in 1 mL methylene chlo-
ride (Sigma Aldrich) in a glass test tube for 2 - 3 h. While 
vortexing, 40 U ChABC (Seikagan, bioBusiness) dissolved 
in 200 µL 0.1% bovine serum albumin and 2 mL of 2% poly-
vinyl alcohol (PVA) (Sigma Aldrich) was added to the PLGA 
solution. This PLGA/PVA solution was then poured into a 
beaker containing 100 mL 0.3% PVA. About 100 mL 2% iso-
propyl alcohol (Sigma Aldrich) was added to this mix, which 
was then stirred for at least 1 h to evaporate the methylene 
chloride. Microspheres were washed with distilled H2O, 
frozen at -20 °C, and dried under reduced pressure. Micro-
spheres were stored at -80 °C until use.

OPF tube fabrication

Hydrogel tubes were made by dissolving OPF and initiator 
in distilled H2O at 37 °C for 10 min according to a previ-
ously described method [29]. After centrifugation, N-vinyl 
pyrrolidinone (NVP) crosslinker was added and vortexed. 
Fifty milligrams of microspheres containing ChABC were 

Figure 1. Surgery photos showing (A) 3 mm of spinal cord removed at the T10 level and (B) 2 pre-degenerated 
PNGs placed in the spinal canal. (C) Pictures of harvested spinal cords, left side: control and right side: a rat that 
was treated with an OPF tube releasing ChABC, at 8 weeks.
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added to 500 µL of OPF solution, which was then injected 
into a glass mold with a metal core and crosslinked using 
UV light. To fabricate OPF tubing with direct incorporation 
of ChABC, 10 U of ChABC in 50 µL 0.1% bovine serum 
albumin was added to 500 µL OPF solution and crosslinked 
under UV light.

 
Sciatic nerve surgery

Rats that were used as sciatic nerve donors had both sciatic 
nerves cut proximally in the gluteal region. Nerves were 
allowed to degenerate in vivo for seven days. Right before 
implantation, the sciatic nerve was harvested by cutting the 
nerve distally.

Spinal cord injury surgery

A laminectomy was performed at T10, exposing the spinal 
cord. The dura was opened, and a 3 mm section of spinal 
cord was removed using microscissors and suction (Fig. 1A). 
For Group 2, two 3 mm pieces of degenerated sciatic nerve 
from a donor rat were placed into the transection site to fill 
the gap and span the circumference of the spinal cord (Fig. 
1B). For Groups 3 and 4, a 3 mm piece of tube was wrapped 
around the PNGs before implantation. After 8 weeks, the rats 
were either perfused using 4% paraformaldehyde or given 
tracer injections of 1% conjugated CTB in the sciatic nerve.

Functional recovery assessment

Functional recovery of hind limb motor activity was assessed 
using the Basso-Beattie-Bresnahan (BBB) rating scale [30]. 
Rats were tested before surgery to ensure they are normal 
(BBB 21) and then tested every seven days post-surgery for 
8 weeks. The BBB had to drop to 0-1 post-injury for the rat 
to stay in the study. Since the BBB scoring method does not 
account for frequency of movements, we did a separate anal-
ysis based solely on the frequency of hindlimb joint move-
ments. This is a novel technique for assessing functional re-
covery. All scoring was performed by individuals blinded to 
the treatment groups.

CTB injection surgery

After 8 weeks, the sciatic nerves were exposed and 5 µL of 
1% CTB conjugated to AlexaFluor 594 (Invitrogen) were 
injected into the sciatic nerves, and left for a week to allow 
for proximal transfer through the axons, to assess for regen-
eration across the PNGs. After one week, rats were perfused 
with 4% paraformaldehyde.

Immunohistochemistry

After perfusion, all spinal cords were placed in 30% sucrose 

solution for cryopreservation. When cryopreservation was 
complete, a section containing the injury site plus 2 mm ros-
tral and 4 mm caudal to the injury was removed from the 
spinal cords. These spinal cord pieces were then frozen and 
sectioned horizontally (30 μm) with a Leica SM2000R mi-
crotome. Slides underwent different immunohistochemical 
procedures for detection of either CTB or neurofilaments 
(NF). For slides from rats that received CTB injections, sec-
tions were rinsed with PBS and cover-slipped (Vector Labo-
ratories, Burlingame, CA). For slides from rats that did not 
receive CTB, sections were treated with mouse anti-neuro-
filament antibody (1:200, Millipore) and donkey anti-mouse 
AlexaFluor 350 (1:500, Invitrogen) for detection of neuro-
filaments. To check for CSPGs, horizontal sections were 
stained with mouse anti-CS-56 (1:100, Sigma) and to check 
to broken down CSPSs, sections were stained with mouse 
anti-1B5 (1:100, MD Bioproducts). Finished slides were ex-
amined using a Keyence BZ-9000 microscope. CSPGs were 
quantified in terms of the percent area stained from 2 mm 
rostral to the injury site and 2 mm caudal to the injury site 
using ImageJ software.

Axon counting

Myelin sheath staining on paraffin-embedded sections was 
performed with osmium tetroxide to reveal heavily myelin-
ated axons as previously described [31]. The 3 mm injury 
site was removed, fixed with osmium tetroxide, then paraf-
fin embedded and 2 μm thick transverse sections were taken 
from the center of the PNG. Sections were placed onto slides 
and cover-slipped, then pictures of sections were taken us-
ing a Keyence BZ-9000 microscope. Myelinated axons were 
counted using ImageJ software by individuals blinded to the 
treatment groups.

Statistical analysis

All quantitative data are presented as means ± standard er-
ror of the mean (SEM). To compare between two specific 
groups, student’s t-test was used. To compare between mul-
tiple groups, a one-way analysis of variance (ANOVA) was 
used to determine statistical differences between results 
(PRISM). Then, Tukey’s post hoc analysis was used to test 
between specific groups (PRISM). A P value less than 0.05 
was considered significant.

 
Results
  
Graft survival and anatomical incorporation into spinal 
cord

Eight weeks post-operatively, the spinal cords were harvested 
and viewed under the operating microscope. Figure 1C shows 
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Figure 2. In order to check that ChABC was being released in vivo, full length and broken down CSPGs were 
labeled on horizontal spinal cord sections harvested 4 weeks post-operatively. (A) CSPGs were abundant in an 
untreated spinal cord, as opposed to (B) almost none being viewed in the treated spinal cord; both were stained 
with CS-56. (C) There were no broken down CSPSs in the untreated spinal cord, as opposed to (D) the treated 
spinal cord which had a significant amount of broken down CSPGs (p < 0.05), both were stained with 1B5. (E) 
The percent area stained for CS-56 was significantly higher both rostral and caudal in the untreated spinal cord 
(p < 0.05). (F) The percent area stained for 1B5 was significantly higher both rostral and caudal in the ChABC 
treated spinal cord.
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two PFA fixed spinal cords with no sign of infection or graft re-
jection. In most rats, the PNGs were well apposed both distally 
and proximally (Fig. 1C). There were 15 control rats (Group 
1) of which two appeared to be unhealthy with a large area of 
necrotic tissue rostral to the injury site when harvested. These 
two rats were removed from all analysis data. Each of the three 
treated groups had one rat that did not have appropriate ana-
tomical incorporation of the PNG into the spinal cord. These 
three rats were also removed from all data analysis. The final 
numbers of rats used for each group are: Group 1 N = 13, Group 
2 N = 12, Group 3 N = 13, and Group 4 N = 13.

ChABC activity in vivo

Rats received a complete SCI and were either given no treatment 
or given an OPF tube and microspheres releasing ChABC and 

harvested 4 weeks post-operatively. In order to test for ChABC 
activity in vivo, full length and broken down CS-GAGs were 
labeled on 30 µm horizontal sections. The percent area, both 
rostral and caudal, stained with CS-56 for full length CSPGs 
was significantly less in the rats treated with ChABC (Fig. 2A, 
B, E). The percent area, both rostral and caudal, stained with 
1B5 for broken down CSPGs was significantly higher in the rats 
treated with ChABC (Fig. 2C, D, F).

Functional recovery assessment after complete spinal cord 
transection (Fig. 3)

Before spinal cord surgery, all rats had a BBB score of 21 (data 
not shown). After complete spinal cord transection, all rats 
dropped to a BBB score of one or less (Fig. 3A). The rats treat-
ed with PNGs (Group 2) scored significantly higher than the 

Figure 3. Functional recovery assessment results. (A) Hindlimb locomotor BBB scores show that all groups treat-
ed with PNGs did significantly better than controls, (B) ChABC treated groups moved their hindlimbs significantly 
more than controls on day 56. *Denotes P < 0.05 compared to control, # denotes P < 0.05 compared to control 
and to PNG only group, error bars represent ± SEM.
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controls on days 42, 49, and 56. ChABC treated rats did signifi-
cantly better than the control group; Group 3 was significantly 
higher than Group 1 on all days except days 7 and 21 and Group 
4 was significantly higher than Group 1 on all days except day 
7. On all days after day 7, the ChABC groups did better than 
the rats that only received the PNGs (Group 2). Group 3 was 
significantly higher than Group 2 on days 14, 18, 35 and Group 
4 was significantly higher than Group 2 on day 35. Although 
there is a trend showing that Group 3 did better than Group 4, 
there was no statistical significance.

Using our new frequency scoring, we scored the total num-
ber of hindlimb movements separately (Fig. 3B). After SCI, all 
groups dropped to less than five hindlimb movements on day 
7. All treated groups had more movements than the controls at 
all time points, and all three treated groups were significantly 
higher than Group 1, on day 56. Group 3 had significantly more 
movements than Group 1 on all days except days 7, 21 and 35. 
Group 4 had significantly more movements than Group 1 on all 
days except days 7 and 21. There was no statistical significance 
between the three treated groups.

Axonal regeneration into peripheral nerve grafts

Numerous regenerated axons were observed with NF stain at 
8 weeks (Fig. 4). This was a consistent finding in all the NF-
stained grafts from all treated groups. Osmium tetroxide was 
used to stain the myelin (Fig. 5A, B, C). The myelinated ax-
ons in the PNGs were counted in 4 rats from each group (Fig. 
5D). The mean number of axons in each group were; Group 2 
(2,640), Group 3 (2,010) and Group 4 (2,740). There was no 
significant difference between these groups.

Regenerated axons extend through the peripheral nerve 
graft

The CTB was successfully taken up by the sciatic nerve in 22 
rats and seen caudal to the graft. In the control rats, the CTB 
was never seen rostral to the lesion (Fig. 6A, Fig. 7). CTB was 
observed in the PNGs and in the spinal cord rostral to it in 5 
out of 6 rats from Group 2, 4 out of 6 rats from Group 3, and 4 
out of 5 rats from Group 4 (Fig. 6B-D, Fig. 7). It was difficult, 
however, to count individually labeled axons because the CTB 
was granular in appearance.

Discussion
  
There have been several promising results when using PNGs 
in incomplete spinal cord injuries [16-18]. However, when 
using an incomplete injury model, it can be difficult to inflict 
the exact same injury, so that all rats start the recovery pro-
cess with the same level of function. Another challenging as-
pect when using an incomplete model is determining wheth-
er the functional recovery was actually restored via axonal 
regeneration through the PNG or due to plasticity within the 
intact spinal cord. In this study, we used a complete injury 
requiring all rats to start recovery at the same level of func-
tion and all functional recovery to occur via reconnection 
through the graft. Some rats were excluded from the analysis 
because at the time of harvesting the spinal cord did not look 
healthy or the graft did not anatomically incorporate into the 
spinal cord. We are not sure if this was due to infection, graft 
rejection or technical procedures. Currently, we are testing 

Figure 4. Neurofilament staining on horizontal sections at 8 weeks revealed that both grafts were densely popu-
lated with axons. Dotted lines indicate graft spinal cord interface.
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Figure 5. (A-B) Myelin staining with osmium tetroxide revealed numerous heavily myelinated axons of small and 
large caliber that regenerated into both PNGs, shown on a transverse section (C) through the midpoint of the 
PNGs at eight weeks. (D) Number of heavily mylinated axons in the PNGs (n = 4 from each group). Error Bars 
Represent ± SEM.

Lewis inbred rats (Harlan) to assess their ability to resist 
graft rejection.

Induced functional recovery after complete spinal cord 
injury

We show that ChABC application to a complete SCI pro-
motes regrowth of acutely injured axons through the distal 
interface aspect of the PNG into host spinal cord, contribut-
ing to improved functional recovery. These results are con-
sistent with previous studies, which have shown axons grow-
ing through the distal interface of the PNG [16-18].

One of the most important measures of the efficacy of a 
particular regeneration treatment, especially in nervous sys-

tem injuries, is behavioral testing. The results of our BBB 
scoring clearly show functional improvement when a PNG is 
used to bridge the injury site, and the application of ChABC 
was shown to improve these scores even further. Further-
more, although experimental averages were around 3.5, it is 
noteworthy that some individual subjects scored as high as 7 
with some signs of weight bearing on their knees.

Throughout the span of our study, we came to find that 
BBB scores alone were not enough to completely reflect 
the different levels of functional recovery seen between the 
various groups. We developed a new system to record each 
individual joint movement over a four minute period. The de-
cision to include this frequency data resulted from the obser-
vation that, many rats were repeatedly moving the same joint 
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Figure 6. CTB staining in horizontal sections of spinal cords. Dotted lines indicate graft- spinal cord interface. (A) 
Control rats have CTB staining only caudal to the injury site. Conversely, CTB crossed through the PNGs and 
into the rostral spinal cord in groups with: (B) only a PNG, (C) a PNG with OPF tubes releasing ChABC from mi-
crospheres, and (D) a PNG with just an OPF tube releasing ChABC. Note: the graft- spinal cord interface on the 
caudal side of Figure D was torn slightly during spinal cord harvest.
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to the same extent. The early stages of the BBB assessment 
scale only take into account types of movement (slight or ex-
tensive) and number of joints moved, but not the frequency 
of movements. By including frequency calculations, the data 
confirmed the differences between the groups (Fig. 3B).

Axonal regeneration through a completely transected 
spinal cord

Our data from the myelin staining shows that there was no 
significant difference in axon counts between groups 2, 3 and 
4. Group 1 data was not shown because the injury site con-
sisted only of scar tissue, with no observed axons. The aim of 
chondroitinase application was not to get axons to grow into 
the PNGs but rather to help them exit the graft into the spinal 
cord, which may explain why there was no significant differ-
ence in the number of myelinated axons between the groups.

Furthermore, the use of CTB showed that axons regrew 
through the injury site in the majority of the rats with PNGs, 
while the CTB never crossed into the injury of control rats. 
As the CTB was conjugated, no nonspecific staining can oc-
cur and the only seen CTB would be that which travelled 
with the axon, through the entire injury site. The morphology 
of the CTB staining rostral to the graft appears slightly dif-
ferent than the labeled axons on the caudal side. Previously, 
Alto et al. had similar results distal to an injury site and they 
showed with double labeling for myelin-associated glyco-
protein and CTB that axons regenerating into and beyond 
the lesion site remained demyelinated or sparsely myelin-
ated [32]. Not having proper myelination may explain the 
difference we see in CTB labeled axons. Also, improper my-
elination may be limiting the amount of functional recovery 
we are able to restore. In future projects, we will check for 
myelination of labeled axons distal to the graft.

OPF tubes for ChABC delivery

It is well documented that regeneration of injured axons after 
an acute or chronic SCI can be facilitated by the application 
of ChABC [8, 18]. In this study, we did have more functional 
recovery in the ChABC treated rats, although it was not al-
ways significant. We also did not find a significant difference 
in improvement whether ChABC was directly released from 
the tubes or through microspheres (groups 4 and 3 respec-
tively). To our knowledge this is the first report of delivering 
ChABC through OPF hydrogel tubes. Hydrogel tubes carry 
the advantage of being familiar to surgeons and being tech-
nically easy to implant. The same is true for PNGs. More 
detailed in vitro studies may more accurately reflect ChABC 
release from the OPF tubes, however this may not exactly 
reflect how it would react in vivo.

Conclusions

Our study showed that PNGs can establish a good anatomi-
cal bridge after SCI and set the stage for functional recovery. 
The complete injury model can be used to test the efficacy 
of therapeutic proteins such as ChABC. OPF tubes are a 
good vehicle for ChABC delivery and are easy to manipu-
late surgically, which makes future clinical application very 
feasible. Future studies should tailor the release profile of 
ChABC from OPF hydrogel and test the bioactivity of the 
released ChABC.
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