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NEUROSURGERY

DELAYED IMPLANTATION OF INTRAMEDULLARY
CHITOSAN CHANNELS CONTAINING NERVE GRAFTS
PROMOTES EXTENSIVE AXONAL REGENERATION AFTER
SPINAL CORD INJURY
OBJECTIVE: We describe a new strategy to promote axonal regeneration after subacute or chronic spinal cord injury consisting of intramedullary implantation of chitosan
guidance channels containing peripheral nerve (PN) grafts.
METHODS: Chitosan channels filled with PN grafts harvested from green fluorescent
protein rats were implanted in the cavity 1 week (subacute) or 4 weeks (chronic) after
50-g clip injury at T8 and were compared with similarly injured animals implanted with
either unfilled channels or no channels. Functional recovery was measured weekly for
12 weeks by open-field locomotion, after which histological examination was performed.
RESULTS: The implanted channels with PN grafts contained a thick tissue bridge containing as many as 35,000 myelinated axons in both the subacute and chronic spinal
cord injury groups, with the greatest number of axons in the channels containing PN grafts
implanted subacutely. There were numerous green fluorescent protein-positive donor
Schwann cells in the tissue bridges in all animals with PN grafts. Moreover, these
Schwann cells had high functional capacity in terms of myelination of the axons in the
channels. In addition, PN-filled chitosan channels showed excellent biocompatibility
with the adjacent neural tissue and no obvious signs of degradation and minimal tissue
reaction at 14 weeks after implantation. In control animals that had unfilled chitosan
channels implanted, there was minimal axonal regeneration in the channels; in control
animals without channels, there were large cavities in the spinal cords, and the bridges
contained only a small number of axons and Schwann cells. Despite the large numbers of axons in the chitosan channel–PN graft group, there was no significant difference in functional recovery between treatment and control groups.
CONCLUSION: Intramedullary implantation of chitosan guidance channels containing
PN grafts in the cavity after subacute spinal cord injury resulted in a thicker bridge containing a larger number of myelinated axons compared with chitosan channels alone.
A chitosan channel containing PN grafts is a promising strategy for spinal cord repair.
KEY WORDS: Axonal regeneration, Channel implantation, Chitosan, Peripheral nerve grafts, Spinal cord clip
compression injury, Spinal cord injury
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n recent years, tissue engineering has been
applied to the field of spinal cord injury
(SCI) repair (16, 31). One of the most promising strategies is to bridge the cavity created
by SCI with synthetic scaffolds that promote
axonal regrowth and provide a protected environment hospitable to regeneration (see
Nomura et al. [31] for a thorough review of the
synthetic biomaterials used to stimulate axonal
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regeneration in experimental SCI). For repair
of SCI, three types of synthetic scaffolds, gels,
sponges, and tubes, have been used to reconstruct the damaged spinal cord. On the one
hand, gels and sponges are advantageous for
filling the posttraumatic cavity and as vehicles
to uniformly disperse cells or drugs, although
they do not provide a straight pathway to
guide regenerating axons through the lesion.
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For example, plain collagen filaments enhanced functional
recovery after complete spinal cord transection (SCT) (57), and
a methacrylamide hydrogel inserted into the cavity in a chronic
SCI model produced some axonal regrowth and proliferation of
blood vessels (55). On the other hand, tubular channels provide
a straight pathway for regenerating axons to bridge the lesion.
Our group previously showed that empty methacrylate-based
hydrogel channels allowed ingrowth of a small number of
regenerating axons after SCT, showing that a synthetic conduit
itself could stimulate axonal regrowth (48). For human application, degradable channels are favored to avoid permanent
implantation or a second operation for their removal (17).
However, biodegradable channels have a propensity to collapse owing to insufficient wall strength (18). The ideal scaffold
would slowly degrade over several months to allow sufficient
time for axonal regeneration.
For repair of SCI, tubular synthetic channels have been
combined with transplanted cells, such as Schwann cells (10)
and olfactory ensheathing glia (36), and have shown potential
to induce axonal sprouting from the injured spinal cord.
Biocompatibility of the biomaterials is essential for this combination strategy of channels and cell transplants. Also,
absorbable channels must remain intact and patent for sufficiently long periods of time to allow axonal regeneration, and
although there are some successful materials that meet these
criteria, it is difficult to control the degradation rate precisely
(32). Our group is interested in examining biomaterials with
slow degradation and good biocompatibility for combination
strategies for subacute and chronic spinal cord repair.
Although some combinatorial strategies of tubular channels
containing transplanted cells have been performed in acute
models of complete or incomplete SCT (11, 21, 56), we are not
aware of any reports of synthetic channel implantation in
chronic SCI.
Chitosan is a naturally occurring polysaccharide derived
from the exoskeletons of crustaceans and insects (16, 30).
Because it is nontoxic, biocompatible, and biodegradable, chitosan channels have been used as artificial bridges for repair in
sciatic nerve injury in rodents (22) and dogs (43). Furthermore,
a chitosan tubular scaffold containing cultured Schwann cells
has been used in peripheral nerve (PN) repair in rodents (59).
In the present study, we examined delayed intracavitary
implantation of chitosan channels after 1 week (subacute) or
4 weeks (chronic) in a model of severe compression SCI. We
compared an injured group transplanted with chitosan channels filled with PN grafts to injured groups with either empty
chitosan channels or no channels, and assessed axonal regeneration and functional recovery. To distinguish donor
Schwann cells from host Schwann cells in the channel, the
PN grafts were harvested from green fluorescent protein
(GFP) rats and implanted in non-GFP rats. Three features of
the present study are unique for spinal cord repair: 1) intracavitary implantation of a guidance channel in a nontransection model of subacute and chronic SCI; 2) implantation of a
guidance channel composed of chitosan; and 3) use of GFP
PN allografts.
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MATERIALS AND METHODS
Production of Channels
Five grams of medical-grade chitosan (Protosan UP CL 213;
NovaMatrix, Drammen, Norway) was dissolved in 500 ml of distilled
water, and the chitosan solution was precipitated using 40 ml of 4%
wt/wt of NaOH. Precipitated chitosan flakes were filtered and rinsed
several times with distilled water until neutralization. After freeze drying, the chitosan solution was prepared by dissolving 3% wt/wt chitosan
in 2% vol/vol acetic acid. Then, 2.5 ml of the solution was mixed vigorously with 2.5 ml of ethanol and stored at 4⬚C. Ninety-one µl of acetic
anhydride was added to the previous chitosan solution (5 ml total) and
the mixture was stirred, degassed, and injected into a glass mold (diameter, 5 mm; length, 27 cm) cored with a stainless steel rod (diameter,
2 mm; length, 27 cm). After injection, the glass mold was allowed to set
for 24 hours to allow the conversion of chitosan to a chitin hydrogel. The
gelled chitin tube was removed from the core’s mold and washed vigorously with distilled water to remove excess acetic acid by-product. The
washed chitin channel was then removed from the 2-mm glass tubes,
placed in 1.6-mm glass tubes, and deacetylated (to convert chitin to chitosan) using 40% wt/vol of NaOH. For deacetylation, the channels were
heated at 110⬚C for three cycles, each for 2 hours, and washed with distilled water after each cycle of deacetylation into 92% deacetylation. The
chitosan channels were then washed thoroughly with distilled water
until a pH of 7 was obtained. They were then removed from the 1.6-mm
mold and placed in a 1.45-mm mold for resizing. The channels were
dried in air for approximately 1 hour, then wetted again before removal
from the mold. The channels were cut into 8-mm lengths, dried, and sterilized by ethylene oxide gas. The channels were approximately 1.8 mm
in outer diameter and the wall thickness was 0.2 mm (16). The channels
were sterilized by ethylene oxide gas before implantation.

Animals
Sixty-four wild-type adult female Sprague Dawley (SD) rats (288 ⫾
21 g; Charles River, St. Constant, Canada) and 25 adult GFP transgenic
Wistar rats (Wistar-TgN(CAG-GFP)184ys); bred in the laboratory of Dr.
Armand Keating, (Toronto, Canada, 297 ⫾ 61 g) were used in this study.
The transgenic rats were originally obtained from the YS Institute, Inc.,
Utsunomiya, Tochigi, Japan. The animal protocols were approved by the
Animal Care Committee of the Research Institute of the University
Health Network in accordance with policies established by the
Canadian Council on Animal Care. The SD rats were divided into subacute and chronic groups depending on the interval between the spinal
cord compression injury and the second operation for channel implantation, 1 or 4 weeks later, respectively. For channel implantation, each of
the subacute and chronic groups was divided into three subgroups.
The designations used are defined as follows: subacute (SA), chronic
(CH), channel with PN grafts (C+PN), empty channel (EC), and no
channel (N). Subgroups 1, 2, and 3 in the subacute group are designated
subacute channel + PN (Group SA+C+PN), subacute empty channel
(Group SA+EC), and subacute no channel (Group SA+N), respectively.
Subgroups 1, 2, and 3 in the chronic group are designated as chronic
channel + PN (Group CH+C+PN), chronic empty channel (Group
CH+EC), and chronic no channel (Group CH+N), respectively. The
number of animals in each subgroup is shown in Table 1.

Spinal Cord Clip Compression Injury
Sixty-four SD rats were deeply anesthetized with 2% halothane with
1:2 nitrous oxide to oxygen and received 5 ml of saline subcutaneously.
Laminectomy at the T7–T9 level was performed, then the spinal cord
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TABLE 1. Number of animals for each analysisa
Group

Total no.

Wall thickness

Paraffin

Frozen

BDA

TEM

Cavity length

Axon counts

1a

11

4

3

3

3

1

—

4

1b

10

4

3

2

2

1

—

4

1c

10

—

8

2

2

—

8

—

Total

31
4

Subacute

Chronic

2a

12

4

5

2

2

1

—

2b

10

4

3

2

2

1

—

4

2c

11

—

9

2

2

—

9

—

Total

33

a
BDA, biotin dextran amine; TEM, transmission electron microscopy. Subacute and chronic groups contain animals treated secondly in surgery 1 and 4 weeks after clip injury,
respectively. Groups 1a and 2a, channel implantation containing peripheral nerve grafts 1 and 4 weeks after clip injury, respectively. Groups 1b and 2b, empty channel implantation
1 and 4 weeks after clip injury, respectively. Groups 1c and 2c, no channel implantation 1 and 4 weeks after clip injury, respectively.

was compressed at T8 by a 50-g clip for 1 minute (Fig. 1A), as originally
described by Rivlin and Tator (42). After the clip was removed, the
dorsal aspect of the compressed spinal cord was covered by a syn-

A

thetic expanded polytetrafluoroethylene membrane (Preclude GoreTex Dura Substitute; Gore & Associates, Inc., Flagstaff, AZ) to prevent
extradural scarring and invasion of fibrous tissue. The incision was
closed with 3–0 Vicryl sutures (Johnson & Johnson, Peterborough,
Canada) in the paravertebral muscles and Michel clips (Fine Science
Tools, North Vancouver, Canada) in the skin.
All animals received buprenorphine (0.03 mg/kg) subcutaneously
for 3 days postinjury and manual bladder compression three times
daily. Urinary tract infections were treated with ampicillin (0.17 mg/g
every 12 hr subcutaneously) for 5 days.
Functional recovery was analyzed at 1 week after SCI in the subacute
groups or weekly for 4 weeks in the chronic groups using the Basso,
Beattie, and Bresnahan (BBB) open-field locomotor test (6). BBB scoring
was conducted by three observers blinded to the experimental group.
Each animal was scored and videotaped for 4 minutes each week.

Harvesting of PN Grafts from GFP Rats

B

C
FIGURE 1. Diagrams showing the surgical procedures for implantation
of chitosan channels containing peripheral nerve (PN) grafts. A, after
laminectomy at T7–T9, the spinal cord was compressed at T8 with a 50-g
clip for 1 minute. B, at 1 week or 4 weeks after clip injury, a dorsal myelotomy was created to enter the cavitated injury site for channel implantation. C, a channel containing PN grafts from a green fluorescent protien
(GFP) rat was then implanted in the cavity.

NEUROSURGERY

For harvesting GFP-positive PN grafts, 23 GFP Wistar rats were
deeply anesthetized with 2% halothane and then 3:1 nitrous oxide to
oxygen. Eleven rats were used for Group SA+C+PN and 12 for Group
CH+C+PN. Ten intercostal nerves were harvested per animal from T7
to T11 bilaterally and preserved in Hanks’ buffered saline solution.
Each harvested nerve was approximately 15 mm in length. After harvesting, the GFP rats were sacrificed with an overdose of halothane.
Sterilized dried chitosan channels approximately 7 mm in length were
immersed in Hanks’ buffered saline for at least 2 minutes until they
softened and expanded to approximately 8 mm in length. The 10
nerves were stacked in a bundle, and one end of the bundle was encircled by an 8–0 Vicryl suture that was then tied snugly to hold the 10
nerves together. The suture was then inserted into the channel, and the
bundle of nerves pulled into the channel. Nerves protruding beyond
the channel were trimmed with microscissors, then the channels were
placed in Hanks’ buffered saline until implantation.

Intramedullary Implantation of the Chitosan Channels
into the Cavity after SCI
Channel implantation was performed at a second operation 1 week
after clip injury in the subacute groups (n ⫽ 31) or 4 weeks after injury
in the chronic groups (n ⫽ 33). The SD rats were deeply anesthetized
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with 2% halothane with 1:2 nitrous oxide to oxygen, the previous operative site was reopened, and after removing the Gore-Tex membrane on
the dorsal surface of the injured spinal cord, the dura mater was incised
longitudinally with microscissors from T7 to T9. There was focal atrophy of the cord and cavitation from the clip injury. A dorsal midline
myelotomy of 5 mm in length was created longitudinally at the SCI site
with a no. 11 surgical blade (Feather; Ohyodo-Minami, Osaka, Japan)
and microscissors, avoiding the dorsal spinal vein. Trauma to the
spared spinal cord tissue was minimized by dissection strictly in the
midline through the dorsal medial septum to reach the cavity. A small
piece of absorbable gelatin sponge (Surgifoam; Ethicon, Inc., Soeborg,
Denmark) was inserted temporarily in the cavity to control any hemorrhage. Then, a channel containing PN grafts or an empty channel was
implanted in the cavity (Fig. 1, B and C). In the empty channel groups,
the chitosan channels were prepared identically to the filled channels,
except that the PN grafts were omitted. After channel implantation, the
dorsal aspect of the channel was covered with 40 µl of fibrin sealant
Beriplast P (gift from ZLB Behring GmbH, Marburg, Germany), and the
Gore-Tex membrane was repositioned to cover the entire spinal cord
including the site of channel implantation. A bilateral spinal fusion
was then performed from T6 to T10 with no. 5 surgical steel (Ethicon,
Inc., Somerville, NJ) and 2–0 silk (Johnson & Johnson) using a method
that we reported previously (30). At the second operation, in Groups
SA+N and CH+N (the no-channel subgroups), a spinal fusion from T6
to T10 was also performed, but without dorsal myelotomy or channel
implantation. The incisions were closed with 3–0 Vicryl sutures in the
paravertebral muscles and Michel clips in the skin.
All animals received buprenorphine (0.03 mg/kg) subcutaneously for
3 days and manual bladder compression three times daily until spontaneous voiding was reestablished. Because the SD rats in Groups
SA+C+PN and CH+C+PN had PN grafts harvested from GFP Wistar
rats, all animals received cyclosporine (10 mg/kg) for immunosuppression (Sandimmune; Nacartis Pharma Canada, Inc., Dorval, Canada)
injected subcutaneously daily until they were sacrificed. Functional
recovery was assessed weekly by BBB testing for an additional 12 weeks
after the second operation using the same techniques.

was placed in the chitosan channel and immersed in chilled universal
fixative (1.16 g sodium phosphate monobasic, 0.27 g sodium hydroxide,
86 ml distilled water, 10 ml 40% formalin, and 4 ml 25% glutaraldehyde).

Anterograde Axonal Tracing with Biotin Dextran Amine

Immunohistochemistry

To visualize axons from the CST, anterograde axonal tracing with
biotin dextran amine (BDA) (Molecular Probes, Inc., Eugene, OR) was
performed 12 weeks after the second operation after completion of the
behavior analysis. Two or three animals in each of the six subgroups
were randomly selected for BDA injection. Under deep anesthesia with
2% halothane with 1:2 nitrous oxide to oxygen, a craniotomy was performed to expose the sensorimotor cortex bilaterally, and 10% BDA dissolved in sterile water was injected at 12 sites in each sensorimotor cortex with a glass micropipette attached to a 26G needle (Becton,
Dickinson and Co., Franklin Lakes, NJ) and a Picospritzer (General
Valve Co., Fairfield, NJ) as previously reported (54). At each coordinate, 2 µl of BDA was injected at a depth of 1.2 mm from the surface of
the cortex. Then the skin was closed with 6–0 Vicryl. Animals were
allowed to survive for 2 more weeks before they were sacrificed. Before
the end of the planned period, three animals died within 2 weeks of
BDA injection, and the spinal cords were removed and immersed in
10% neural formalin within 12 hours of death for paraffin-embedded
sections and histological examination.

The following antibodies were used for the immunohistochemical
assessments: mouse antineurofilament 200 monoclonal antibody
(NF200) 1:400 dilution in paraffin sections and 1:500 in frozen sections
(Sigma, St. Louis, MO) to visualize neurons and axons; mouse antiglial
fibrillary acidic protein monoclonal antibody (GFAP) 1:200 (BoehringerMannheim Chemicon, Temecula, CA) to visualize astrocytes; mouse
antirat 192 IgG p75NTR monoclonal antibody (p75) 1:100 (gift from Dr.
Phil Baker, Montreal Neurological Institute, McGill University,
Montreal, Canada) to visualize Schwann cells; mouse antirat protein 0
monoclonal antibody (P0) 1:300 (provided by Dr. Juan Archelos,
Department of Neurology, University of Graz, Graz, Austria) to visualize peripheral myelin produced by Schwann cells (1); rat anticalcitonin
gene-related peptide polyclonal antibody (CGRP) 1:3000 (Immunostar,
Hudson, WI) to visualize sensory axons from dorsal root ganglia (DRG);
rabbit anti-green fluorescent protein polyclonal antibody (GFP) 1:500
(Abcam, Inc., Cambridge, MA) to visualize GFP; mouse anti-CC1/APC
monoclonal antibody (CC1) 1:1000 (Calbiochem, San Diego, CA) to
visualize oligodendrocytes; mouse antirat monocytes/macrophages
monoclonal antibody (ED-1) 1:500 (Serotec, Raleigh, NC) to visualize
activated macrophages; mouse anti-smooth muscle actin monoclonal
antibody (SMA) 1:100 (DAKO, Mississauga, Canada) to visualize blood
vessels; and mouse anti-Ki67 liquid antibody (Ki67) 1:200 (Clone MM1;
Novocastra, Burlington, Canada) to visualize proliferating cells. In all

Control GFP-PNs
One GFP transgenic Wistar rat was perfused with 4% paraformaldehyde (described in “Tissue Preparation”) and 10 intercostal nerves were
harvested to obtain axon counts. The bundle of 10 intercostal nerves
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Tissue Preparation
At 14 weeks after the second operation, the rats were deeply anesthetized by an intraperitoneal injection of 1.0 ml of sodium pentobarbital. After an intracardiac injection of 1 ml of 1000 U/ml heparin, the animals were perfused through the ascending aorta with 500 ml of 4%
paraformaldehyde in 0.1 mol/l phosphate buffer. A 2-cm length of spinal
cord encompassing the implanted channel or compression site was carefully removed. The spinal cords from rats not injected with BDA were
randomly allocated for histochemistry of paraffin-embedded sections
or axon counts. The spinal cords from BDA-injected rats were used for
histochemistry of frozen sections. The spinal cords for paraffin embedding were postfixed in 10% neutral buffered formalin for 3 days, then
embedded in paraffin, after which 8 µm-thick parasagittal sections were
cut in a 1:8 series and mounted on Superfrosted Plus slides (Fisher
Scientific, Markham, Canada) or Platinum Line slides (W. Knittel,
Braunschweig, Germany). The chitosan channels became very fragile in
10% neural buffered formalin, and the channel walls were fragmented
during sectioning of paraffin-embedded tissues. Accordingly, these sections usually showed empty segments at the location of the channel
walls, and fragments of the disrupted channels were seen. Every eighth
section was stained with Luxol Fast Blue (LFB) with hematoxylin and
eosin (HE). Each paraffin section of that series was then prepared for
immunohistochemistry as described in “Immunohistochemistry of
Paraffin-fixed Tissue.” The spinal cords for frozen sections were cryoprotected with 30% sucrose in 0.1 mol/l phosphate-buffered saline
(PBS) at 4⬚C, then frozen and embedded in Frozen Section Medium
compound (Stephens Scientific, Riverdale, NJ). Twenty µm-thick
parasagittal sections were cut in a 1:6 series on a cryostat and mounted
on cold (⫺20⬚C) Platinum Line microscope slides. The spinal cords for
axon counts were preserved in universal fixative for 2 weeks and sectioned as described in “Axon Counts and Measurements.”
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the immunohistochemistry procedures, appropriate negative controls
were used with the omission of the primary antibodies.

Immunohistochemistry of Paraffin-fixed Tissue
For immunohistochemistry of paraffin-embedded sections, antiNF200, GFAP, P0, GFP, ED-1, SMA, and Ki67 antibodies were used. The
sections for GFAP and Ki67 were pretreated with 1% H2O2 in methanol
for 30 minutes at room temperature (RT) to reduce nonspecific staining
by endogenous peroxidases. The slides for Ki67 were placed in a pressure cooker with 3 g/l sodium citrate buffer (pH 6.0) and heated in a
microwave for 30 minutes on high power. To expose antigen sites, the
slides for SMA were placed in a pressure cooker with 10 nmol/l Tris
buffer and 1 mmol/l ethylenediaminetetraacetic acid at pH 9.0 and
heated in a microwave for 30 minutes on high power. After heating, the
slides were left in the microwave for another 30 minutes for cooling. For
NF200, a plastic coplin jar filled with a solution of ethylenediaminetraacetic acid at pH 8.0 buffer was heated in a steamer for 30 minutes.
The slides were then placed in the ethylenediaminetetraacetic acid
buffer in the coplin jar and heated in the steamer for 30 minutes and
were then left for 20 minutes for cooling. After rinsing with PBS, all sections except for Ki67 were blocked for nonspecific antibody binding at
RT for 1 hour with the following: 10% heat-inactivated goat serum in
PBS containing 0.3% Triton X-100 for GFAP, NF200, and P0; 4% normal
goat serum (NGS) in PBS containing 0.1% Triton X for ED-1 and SMA;
and 3% NGS in 0.1% bovine serum albumin (1 ml NGS, 0.033 g bovine
serum albumin, and 32.2 ml SPBS) for GFP. The sections for Ki67 were
blocked for nonspecific antibody at RT for 10 minutes with 2% normal
horse serum in PBS containing 0.3% Triton X. After the above steps, all
sections except those for Ki67 were incubated overnight in a solution of
primary antibody diluted in blocking solutions at 4⬚C. After being
washed three times with PBS, the specimens were incubated with
biotinylated antimouse IgG (H+L) antibody (Vector Laboratories,
Burlingame, CA) 1:500 dilution in PBS for NF200, GFAP, P0, ED-1, SMA,
and Ki67 and antirat IgG (H+L) goat antirabbit antibody for GFP. The
sections were then washed three times in PBS and incubated with
avidin-biotin peroxidase complex (Vectostain ABC Kit Standard; Vector
Laboratories) for peroxidase staining and visualization with
diaminobenzidine tetrahydrochloride (Vector Laboratories). The sections were coverslipped with Entellan (EM Science, Gibbstown, NJ),
then observed under a Leica DMRBlight microscope (Leica, Nussloch,
Germany) and photographed using an image tiling and stitching system
on Stereo Investigator (MicroBrightField Bioscience, Williston, VT).

Immunohistochemistry of Frozen Tissue and Visualization
of Biotin Dextran Amine
For immunohistochemistry of frozen sections, anti-NF200, p75,
CGRP, GFAP, and CC1 antibodies were used. Sections were thawed
and washed three times with PBS for 10 minutes. For NF200 or GFAP,
sections were pretreated as described above. The sections for CGRP
were pretreated with 1% H2O2 in methanol for 10 minutes at RT. After
being rinsed with PBS, the sections were blocked for nonspecific antibody binding at RT for 1 hour with the following: 10% heatinactivated goat serum in PBS containing 0.3% Triton X-100 for GFAP
and NF200; 10% NGS for p75; and 2% NGS containing 0.3% Triton
X-100 for CC1. Then, all sections were incubated overnight in a solution
of primary antibody diluted in blocking solutions at 4⬚C. After being
washed three times with PBS, the specimens were incubated with
Alexa Fluor 488 goat antimouse and goat antirabbit IgG (H+L) conjugate highly cross-absorbed (1:500 dilution in PBS) (Molecular Probes,
Inc.) for 1 hour. The sections were counterstained with the nuclear dye
4ⴕ,6-diamidino-2-phenylindole and coverslipped.

NEUROSURGERY

Every sixth slide in the series of frozen sections was selected for
BDA detection. After being washed with 0.1 mol/l PBS, these sections
were pretreated with 1% H2O2 in methanol for 10 minutes at RT. After
being rinsed with PBS containing 0.5% Triton X for 30 minutes, the
slides were incubated in avidin-biotin peroxidase complex (Vectostain
Elite ABC Kit Standard; Vector Laboratories) for 1 hour at RT. The
slides were washed twice with PBS, then Alexa Fluor 488 was applied
for 1 hour at RT. After being rinsed three times with PBS, the sections
were mounted and coverslipped.
All sections were examined and photographed using a Zeiss-LSM
510 confocal microscope (Zeiss, Oberkochen, Germany). Z-stack images
were accumulated based on 20 to 30 optical sections, at 0.5 µm in thickness per section. Then the entire thickness of the section was visualized
using the ImageJ software system (National Institutes of Health,
Bethesda, MD). Three-dimensional imaging was constructed using
Imaris software (Bitplane, Exton, PA).

Transmission Electron Microscopy
Four animals (n ⫽ one per group in Groups SA+C+PN, CH+C+PN,
SA+EC, and CH+EC) were randomly selected for transmission electron
microscopy. Fourteen weeks after channel implantation or no channel,
animals were sacrificed by intraperitoneal injection of sodium pentobarbital and transcardially perfused using 2% paraformaldehyde with
2.5% glutaraldehyde in 0.1 mol/l sodium cacodylate buffer. The
implanted channel was removed from the spinal cord and transected at
the midpoint in the dorsoventral plane. There was no tissue bridge
inside the channels in Groups SA+EC and CH+EC; therefore, sections
for transmission electron microscopy were performed on one animal
from Group SA+C+PN and one animal from Group CH+C+PN. The
dissected tissue inside the channel was postfixed in 1% osmium tetroxide. The samples were then washed for 10 minutes in sodium cacodylate three times followed by quick washes with 0.1 mol/l acetate buffer,
and the tissue stained with 1% uranyl acetate overnight at 4⬚C. The tissue was washed again with acetate buffer and progressively dehydrated with increasing ethanol concentrations from 50 to 100% for
10 minutes each. After an additional 2 to 10 minutes, the tissue was
washed with 100% ethanol, followed by two quick washes with propylene oxide, then the samples were infiltrated and embedded in Araldite
resin in inverted polyethylene capsules with the tips removed to allow
overnight curing in a 60⬚C vacuum oven. Sections were cut at 0.5 µm
and stained with 1% toluidine blue for orientation, then thin sections of
approximately 90 nm were made with a Reichert-Jung Ultracut E ultramicrotome (Reichert-Jung, Vienna, Austria), mounted on copper mesh
grids and counterstained with uranyl acetate and lead citrate for 5 minutes each. The grids were viewed and photographed with a Hitachi
H7000 transmission electron microscope (Hitachi, Tokyo, Japan).

Axon Counts and Measurements
For axon counts and measurements, four animals in each of Groups
SA+C+PN, CH+C+PN, SA+EC, and CH+EC were randomly chosen, a
2-cm segment of spinal cord encompassing the implanted channel was
removed and immersed in universal fixative for 2 weeks, and a 1 mmthick slice of the channel was prepared. There was no tissue bridge in
two of four animals in Group SA+EC or in any of the four animals in
Group CH+EC; therefore, they were excluded. The 1-mm slice containing the middle portion of the tissue bridge in the rostrocaudal
direction was embedded in resin, then sectioned at 1-µm thickness. A
1-mm segment of a nonimplanted channel containing 10 intercostal
nerves prepared as described above was also embedded in resin, then
sectioned at 1-µm thickness as a PN control. All 1-µm sections were
stained with toluidine blue and examined under the Leica DMRB light
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TABLE 2. Axon countsa
Bridge area, mm2

No. of fibers

Fiber
diameter, m

Axon
diameter, m

Myelin
thickness, m

G ratio

1a

0.369 ⫾ 0.093

35,260 ⫾ 10,590

3.034 ⫾ 0.090

1.630 ⫾ 0.123

0.700 ⫾ 0.056

0.547 ⫾ 0.036

2a

0.359 ⫾ 0.091

25,590 ⫾ 10,440

2.651 ⫾ 0.574

1.270 ⫾ 0.315

0.705 ⫾ 0.143

0.480 ⫾ 0.043

1a

0.162 ⫾ 0.007

649.6 ⫾ 336.1

4.888 ⫾ 0.803

2.530 ⫾ 0.555

1.180 ⫾ 0.200

0.515 ⫾ 0.050

PN control

1.369 ⫾ 0.821

50,070 ⫾ 27,860

7.009 ⫾ 0.248

3.712 ⫾ 0.158

1.649 ⫾ 0.079

0.530 ⫾ 0.014

Group

a
Bridge area, area of the tissue bridge in cross section; No. of fibers, total number of myelinated fibers in channel; G ratio, ratio of axon diameter to fiber diameter. Values
shown are mean ⫾ standard error of the mean.

microscope. Five 1-µm sections per animal were randomly selected,
and the area occupied by tissue in each section was measured. Seven
photographs of high-power fields (1446 µm2 at ⫻1000 magnification)
were taken randomly from each section and without overlap, and
myelinated fibers greater than 0.5 µm in diameter were counted and
averaged to obtain the number of myelinated fibers in the seven photographs. Using the average number of myelinated fibers and the area
of each section occupied by tissue, the total number of myelinated
fibers in each section was calculated. The color intensity-based method
with the aid of Image Pro-Plus software (Media Cybernetics, Silver
Spring, MD) was used to identify and measure the following parameters of healthy myelinated axons in HPF pictures: 1) the total area
encompassed by the entire cross section of the bridging tissue in the
channel; 2) the total number of axons in the channel, calculated by the
axon density and the dimension of the whole bridging tissue (fiber is
defined as the combination of axon and myelin); 3) the entire fiber
diameter and area; 4) the axon diameter and area (axon indicates the
axonal component, excluding myelin, of the myelinated fiber); 5) the
thickness of myelin; 6) the G ratio, i.e., the ratio of axon diameter to
entire fiber diameter; and 7) the frequency distribution of fibers of
varying size. The histograms for 1 to 6 and line graph for 7 were made
using Sigma Plot 8.0 for Windows (Systat Software, Inc., San Jose, CA).
The total number of axons analyzed for each of these parameters is
shown in Table 2.

Channel Wall Thickness

Statistics
Data from more than two groups were analyzed by one-way analysis of variance. The differences between two groups were analyzed by
Student’s t test. The BBB score was analyzed by one-way repeatedmeasures analysis of variance. Statistical analysis was performed using
Sigma Plot 8.0 for Windows and Microsoft Excel 2000 (Microsoft Corp.,
Seattle, WA).

RESULTS
Implanted Channels Showed No Degradation
at 14 Weeks
Fourteen weeks after implantation, the channels remained concentric, with no visible degradation (Fig. 2). There was no significant difference in the thickness of the walls before (219 ⫾ 27.9
µm, n ⫽ 3) and after (207 ⫾ 62.8 µm, n ⫽ 16; subacute, n ⫽ 8, and
chronic, n ⫽ 8 groups) implantation (P ⫽ 0.405, Student’s t test).

Implanted Channels Produced Minimal Tissue Reaction
in the Spinal Cord at 14 Weeks
There was minimal inflammatory reaction at the interface
between the spinal cord and the channels at 14 weeks. There
were only a few macrophages along the walls of the channels
and minimal astrocytic or fibrotic reaction (Figs. 3–5).

The thickness of the wall of the channels at 14 weeks was measured
and compared with that of nonimplanted channels. After preparation of
the tissue for the axon counts described above, the remaining segments
of the channels were preserved in 30% sucrose (n ⫽ 16) for 3 days, then
sectioned transversely in a cryostat at 20 µm, and mounted on
Superfrosted Plus slides without coverslipping. For comparison, three
nonimplanted channels were preserved in universal fixative for
2 weeks, then in 30% sucrose for 3 days, then sectioned transversely and
mounted. The channel wall thickness was measured using Bioquant
Imaging Software (R&M Biometrics, Inc., Nashville, TN). In each section, 24 samples of the channel wall were randomly selected without
overlap and measured (a total of 384 sites in 16 implanted channels
and 72 sites in three nonimplanted channels).

Measurement of Cavity Length in the Injured
Spinal Cord
Measurement of the cavity length after clip injury was determined in
LFB/HE-stained paraffin-embedded parasagittal sections. The section
containing the longest cavity in the no-channel groups was selected,
and the cavity was measured using Bioquant Imaging Software.
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FIGURE 2. Twenty-µm cross-section of the
intramedullary chitosan channel (arrow) containing a tissue bridge (asterisk) at 14 weeks after
chronic implantation of the channel + PN grafts.

www.neurosurgery-online.com

CHANNEL IMPLANTATION AFTER SPINAL CORD INJURY

FIGURE 3. Twenty-µm parasagittal
paraffin sections (A–C, E–I) and
frozen section (D) 14 weeks after
chronic implantation of the channel
containing PN grafts. The majority of
the channels disintegrated during sectioning of paraffin-embedded tissues;
therefore, there are two linear spaces
corresponding to the remnants of the
channel walls containing fragments of
the channels (asterisks in A, C, D,
G–I). D, the tissue bridge from a nonstained frozen section under a green
and red filter and the images were
merged. In each panel, rostral is on the
left. A and B, Luxol Fast Blue (LFB)/
hematoxylin and eosin (HE)-stained
sections. A, a thick tissue bridge is
shown between the channel walls
(arrow in A). B, the boxed area in A
is shown at a higher power in B; there
are many Schwann cells with elongated nuclei accompanied by blue
myelin arranged in a parallel fashion.
Blood vessels are shown (arrows). C,
GFP-immunostained sections; the
majority of the GFP-positive cells are
localized within the tissue bridge, and
no GFP-positive cells are observed in
the spinal cord adjacent to the tissue
bridge. D, GFP-positive cells are also
clearly detected with fluorescent
microscopy. Note that autofluorescence
and bloodborne cells (presumably
macrophages) are detected in yellow.
Mouse antineurofilament 200 monoclonal antibody (NF 200)–(E) and
mouse antirat protein 0 monoclonal
antibody (P0)–(F) immunostained sections from the center of the tissue
bridge; many NF200-positive axons
are seen in the bridge (E). G and H,
peripheral myelin immunolabeled with
P0 is also observed in the bridge; P0
(G) and mouse antiglial fibrillary
acidic protein monoclonal antibody
(GFAP) (H) immunostained sections
from the rostral end of the bridge. G,
The majority of P0-immunopositive peripheral myelin is localized within the bridge (arrow). H, GFAP-immunostaining shows a distinct margin between the tissue
bridge and the spinal cord adjacent to the tissue bridge (arrow) owing to a dense accumulation of reactive astrocytes in the spinal cord. I, mouse antirat
monocytes/macrophages monoclonal antibody (ED-1)–immunostained sections: large aggregations of ED-1–positive macrophages/microglia are present in the bridges
(arrow) and adjacent spinal cord; however, no aggregations of macrophages are found in the channel walls. Scale bars, 1 mm (A, C, D, and I); 100 µm (B and E);
500 µm (F–H).

Implanted Channels with PN Grafts Had Tissue Bridges
Containing a Large Number of Regenerated Axons after
Subacute or Chronic Implantation
Parasagittal sections stained with LFB/HE showed a thick
tissue bridge in the PN-filled channels in all animals in the
subacute and chronic groups (Fig. 3A). The bridges contained
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many Schwann cells accompanied by myelinated fibers stained
blue with LFB and blood vessels (Fig. 3B). The tissue bridges
contained numerous GFP-positive cells (Fig. 3, C and D), large
numbers of NF200-positive axons (Fig. 3E), and P0-positive
peripheral myelin produced by Schwann cells (Fig. 3, F and G).
Previous studies from our laboratory on transplantation of
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FIGURE 4. Confocal photomicrographs
of 20-µm parasagittal frozen sections 14
weeks after subacute channel implantation with PN grafts. Confocal laser
scanning Z-stack images (A–F and
H–R) and a single image (Q) were
taken with a confocal microscope. G,
three-dimensional image reconstructed
for a merged image of the tissue bridge
using Imaris software. GFP signal is in
green (A, C, D, F–H, J, K, M, N,
P–R); p75 (B and C), NF200 (E–G, I,
J, R), CGRP (L and M), and GFAP (O
and P) signals are in red; and DAPI
signal (C, F, G, J, M, P, and R) is in
blue. Colocalized signals with green
and red or blue are in yellow or azure,
respectively (C, F, G, J, M, P, and R).
A–F, micrographs from the center of the
bridge. A–C, GFP-positive cells generally overlap with p75-positive cells corresponding to Schwann cells. D–F,
GFP-positive cells are linearly related
to NF200-positive axons, but they are
not completely overlapped. G, threedimensional image shows that GFPpositive cells are in contact with
NF200-positive axons. H–J, micrographs from the interface between the
bridge containing GFP-positive cells
and the spinal cord adjacent to the
bridge (asterisk in H); a similar area
is shown in the small box in Q.
Clustered GFP-positive cells indicate
the distinct margin of the bridge (H),
and some NF200-positive axons (arrow
in I) clearly transverse and extend into
the bridge (J). K–P, micrographs from
the center of the bridge. K–M, there are
many CGRP-positive linear structures
in the bridge (L), and the GFP-positive
cells are linearly related to the CGRPpositive structures (M). N–P, there is a
vascular structure (arrow in N) composed of small flattened GFP-positive
cells resembling endothelial cells (N and
P) and a small number of GFAP-positive cells (O and P). Q, Micrograph
from the rostral end of the tissue bridge;
there are some GFP-positive cells on the
external surface of the channel wall
(asterisk), although no GFP-positive
cells are observed in the spinal cord
adjacent to the channel (star). R, a
merged image for GFP and NF200 with
DAPI on the external surface of the
channel wall; some GFP-positive cells
are associated with NF200-positive
axons. Scale bars, 20 µm (C, F, G, J,
M, P, and R) and 200 µm (Q).
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FIGURE 5. Twenty-µm parasagittal paraffin sections 14 weeks after
implantation of empty channels after subacute (A–G) and chronic (H and
I) implantation. There are two spaces corresponding to the remnants of the
channel walls associated with fragments of the disrupted channels (asterisks in A, E, F, H, and I). In each panel, rostral is on the left. A and B,
LFB/HE stained section; there is a tissue bridge in the channel smaller than
in Figure 3. A cavity in the rostral spinal cord adjacent to the bridge is
seen (arrow in A). The boxed area in A is shown at a higher power in
B. There were many macrophages containing debris of the central myelin
stained in green; however, Schwann cells accompanied by myelinated
structures in blue were not prominent. NF200- (C) and P0- (D) immunostained sections at the center of the bridge; sparse NF200-positive axons (C)
and peripheral myelin immunolabeled with P0 (D) are compared with
Figure 3. (E) GFA-immunostained sections. GFAP-immunostaining
shows a dense accumulation of reactive astrocytes in the rostral spinal cord
adjacent to the bridge. F, ED-1–immunostained section; there is a significant aggregation of ED-1–positive macrophages in the bridge and spinal
cord, although there is no accumulation of macrophages in the channel
walls. (G) SMA-immunostained section; many blood vessels immunolabeled with SMA are seen in the bridge. H, LFB/HE-stained section; there
is no tissue bridge in the channel after chronic implantation of an empty
channel, and the channel contains macrophages and cellular debris. I,
GFAP-immunostained sections; a dense accumulation of GFAP-positive
astrocytes is seen in the rostral spinal cord adjacent to the channel
(arrow). Scale bars, 1 mm (A, H, and I), 200 µm (B–D and G), and 500
µm (E and F).

peripheral nerve grafts into the transected spinal cord (50)
revealed the complete absence of NF200-staining structures in
the grafts as early as 2 weeks after transplantation, indicating
that all of the grafted axons had completely degenerated. Thus,
all NF200 structures in the grafts in the present study represent
regenerated or sprouted axons. GFAP immunostaining showed
a dense accumulation of reactive astrocytes in the spinal cord
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adjacent to the tissue bridges (Fig. 3H). Large aggregations of
ED-1–positive macrophages/microglia were present in the tissue bridges and adjacent spinal cord. However, there were no
aggregations of macrophages in or along the channel walls (Fig.
3I). SMA immunostaining showed a large number of blood
vessels in the tissue bridges (data not shown). There were no
Ki67-positive cells in the tissue bridges (data not shown).
Confocal microscopy revealed many GFP-positive cells
arranged longitudinally in the tissue bridges (Fig. 4, A, C, D,
F–H, J, K, M, N, and P) with bipolar processes and elongated
nuclei labeled with 4ⴕ,6-diamidino-2-phenylindole. Immunohistochemistry showed that the GFP-positive cells were morphologically identical to p75-positive Schwann cells (Fig. 4,
A–C), were arranged longitudinally in relationship to adjacent
NF200-positive axons (Fig. 4, D–F), and three-dimensional
images showed that these cells were in contact with axons (Fig.
4G). No GFP-positive cells migrated into the rostral or caudal
spinal cord adjacent to the tissue bridges (Figs. 3, C and D, and
4, H and J); thus, there was a sharp demarcation between the
tissue bridge containing GFP-positive cells and the spinal cord
adjacent to the tissue bridge. However, some NF200-labeled
axons penetrated across the cord-bridge interface into the tissue
bridge (Fig. 4, H–J). There were numerous CGRP-positive fibers
adjacent to the GFP-positive cells in the tissue bridges (Fig. 4,
K–M). Confocal microscopy revealed many vascular structures
lined by small flattened GFP-positive endothelial cells in the
tissue bridges (Fig. 4, N–P). A small number of GFAP-positive
cells, presumably astrocytes, was found in the bridges (Fig. 4,
N–P). Interestingly, there was a small number of GFP-positive
Schwann cells on the external surface of the channel walls, and
migrating GFP-positive cells could be followed as they exited
the channels and migrated along the external surface of the
channel walls (Fig. 4Q). These cells were spatially related to
NF200-positive axons outside of the channels, suggesting
axonal myelination by the cells (Fig. 4R). No CC1-positive cells
were found in the tissue bridges (data not shown). There were
no BDA-labeled fibers in the tissue bridges or caudal spinal
cord, although BDA-labeled fibers were detected in the spinal
cord rostral to the bridges. Multiple cavities were present in the
adjacent spinal cord rostral and caudal to the tissue bridges.
Transmission electron microscopy of the tissue bridges
showed numerous myelinated axons (Fig. 6, A and B). Most of
the axons were myelinated by Schwann cells identified by their
basal lamina (Fig. 6C), although there were some nonmyelinated axons (Fig. 6D). There was a small number of fibroblasts
with dilated endoplasmic reticulum producing collagen in the
tissue bridges. Overall, there were no histological differences
between PN-filled channels implanted in the subacute (Group
SA+C+PN) and chronic (Group CH+C+PN) groups.

Empty Channels Produced Small Tissue Bridges after
Subacute, but Not Chronic, Implantation
Animals implanted with unfilled channels showed major
differences compared with the PN-filled channels. There was
a tissue bridge in only two of the five subacute animals in
Group SA+EC (Table 1, paraffin and frozen sections), and no
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FIGURE 6. Transmission electron microscopy of tissue bridges 14 weeks
after chronic implantation of a channel with PN grafts. A, many myelinated fibers and Schwann cells are seen. B, each Schwann cell (asterisks)
is related to one myelinated fiber (arrows). C, a myelinated fiber is contained within a Schwann cell surrounded by a basal lamina (arrow), characteristic of Schwann cells. D, several nonmyelinated axons (arrows) are
also seen. Scale bars, 2 µm (A), 1 µm (B), 0.2 µm (C), and 0.5 µm (D).

FIGURE 8. One-µm cross-sections 14 weeks after channel implantation
with PN grafts after subacute (Group SA+C+PN) (A) and chronic
implantation (Group CH+C+PN) (B), empty channel implantation for
subacute SCI (Group CH+C+PN) (C), and a nonimplanted control channel containing 10 intercostal nerves (PN control) (D). A and B, numerous myelinated fibers and some blood vessels (arrows) are seen. C, some
axons are severely ballooned and degenerated (arrows). D, numerous
dense myelinated fibers are seen. The subacute channel group showed more
axons than the chronic group, but the axons were generally smaller than
those in the PN control. Scale bars, 10 µm.

spinal cord (Fig. 5I). There were no BDA-labeled fibers in the
caudal spinal cord in Group SA +EC and CH+EC rats.

No-channel Groups Had Large Cavities
FIGURE 7. Twenty-µm parasagittal paraffin section stained with LFB/HE
14 weeks after no channel implantation in subacute group. There are multiple large cavities in the damaged spinal cord. Scale bar, 1 mm.

tissue bridge in the other three (Fig. 5A). LFB/HE-stained sections showed many macrophages containing debris, especially
central myelin-stained green. These bridges contained only a
small number of Schwann cells and myelinated fibers stained
blue with LFB (Fig. 5B), a small number of NF200-positive
fibers (Fig. 5C), and some P0-positive peripheral myelin (Fig.
5D). There were many GFAP-positive astrocytes in the spinal
cord adjacent to the tissue bridges and a few astrocytes in the
tissue bridge (Fig. 5E). There were large aggregations of
ED-1–positive macrophages in the tissue bridges and adjacent
spinal cord, but no aggregation of macrophages along the
channel walls (Fig. 5F). SMA-immunostaining showed many
blood vessels in the tissue bridges (Fig. 5G). Multiple cavities
were present in the spinal cord adjacent to the unfilled channels. In contrast, there was no tissue bridge in the unfilled
channels in any of the chronic implantation animals (Group
CH+EC, Fig. 5H), and there was a dense accumulation of
GFAP-positive astrocytes in the adjacent rostral and caudal
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LFB/HE-stained sections showed multiple large cavities in
the spinal cord at the injury site in the no-channel subacute
(Group SA+N) and chronic (Group CH+N) groups (Fig. 7), and
there was no significant difference in the length of the cavities
at 14 weeks in the subacute (8.5 ⫾ 2.5 mm, n ⫽ 10) or chronic
(8.9 ⫾ 2.4 mm, n ⫽ 11) groups (P ⫽ 0.81). There were no NF200positive axons traversing the injury site, and there was a massive accumulation of GFAP-positive astrocytes and aggregations of ED-1–positive macrophages in the adjacent spinal cord.
A small number of P0-positive cells was observed near the epicenter of the damaged cord. There were no BDA-labeled fibers
in the caudal spinal cord.

Axon Counts Showed Numerous Myelinated Fibers
in the Tissue Bridges
Thin sections revealed large numbers of myelinated fibers
and blood vessels in the tissue bridges after implantation of
PN-filled channels after subacute (Group SA+C+PN) or chronic
(Group CH+C+PN) implantation (Fig. 8, A and B). There was a
small number of myelinated fibers in the unfilled channels in
the subacute animals (Group SA+EC), although the size of the
fibers varied considerably, and some axons were severely bal-
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FIGURE 9. Histograms showing E
F
G
the axon counts for Groups
SA+C+PN, CH+C+PN and
SA+EC (A–F) and graph showing
the frequency distribution of the
fibers for Groups SA+C+PN,
CH+C+PN, and SA+EC and PN
control (G) in thin sections. Note
that only myelinated fibers were
counted. The histograms include the
total area encompassed by the entire cross section of the bridging tissue in the channel (A); the total number of axons in the channel (B); the entire fiber diameter (C); the axon diameter (D); the thickness of myelin (E); the G ratio (the ratio of axon diameter to entire fiber diameter) (F), and the frequency distribution
of the fibers of varying size (G). A, there was no significant difference in the dimension of the bridges between Groups SA+C+PN and SA+EC (P ⫽ 0.508).
B, Group SA+C+PN contained the most numerous fibers (35,260 ⫾ 10,590). Group CH+C+PN also contained many fibers in the tissue bridge (25,590 ⫾
10,440), although there were significantly fewer fibers in Group CH+C+PN than in Group SA+C+PN (P ⫽ 0.006). In contrast, Group SA+EC contained significantly fewer fibers in the bridge compared with Groups SA+C+PN and CH+C+PN (P ⬍ 0.001). C, the fiber diameters in Groups SA+C+PN, CH+C+PN,
and SA+EC were significantly smaller than those in the PN control (P ⬍ 0.001 for all). In addition, the fiber diameter in Group SA+C+PN was significantly
larger than that in Group CH+C+PN (P ⫽ 0.007). D and E, the axon diameters in Group SA+C+PN were significantly larger than those in Group
CH+C+PN (P ⬍ 0.001); however, there was no significant difference between Groups SA+C+PN and CH+C+PN in myelin thickness (P ⫽ 0.285). The myelin
thickness in Group SA+EC was significantly greater than that in Groups SA+C+PN and CH+C+PN (P ⬍ 0.001). F, G ratio in Group SA+C+PN was significantly smaller than that in Group CH+C+PN (P ⬍ 0.001). G, the frequency distribution of the fibers showed that the percentages of fibers with a diameter of 2–5 µm were 88.2, 80.3, 69.0, and 40.7% in Groups SA+C+PN, CH+C+PN, and SA+EC and the PN control, respectively. As a result, there was a peak
in the frequency distribution at 2 to 5 µm in each group. Bar, mean ⫾ standard deviation. Asterisks indicate statistical significance.

looned and degenerated (Fig. 8C). In the PN graft control (PN
control), the fibers were larger than those in Groups SA+C+PN
and CH+C+PN at 14 weeks (Fig. 8D). As noted above, there
were no bridges in the channels in Group CH+EC. The crosssectional area in the channel occupied by the tissue bridges in
Groups SA+C+PN and CH+C+PN was significantly greater
than that of Group SA+EC (P ⬍ 0.05) (Fig. 9A). The total number of myelinated fibers was 35,260 ⫾ 10,590 in Group
SA+C+PN, 25,590 ⫾ 10,440 in Group CH+C+PN, and 649.6 ⫾
336.1 in Group SA+EC. There was a significant difference
between Groups SA+C+PN and CH+C+PN (P ⫽ 0.006) (Fig.
9B), demonstrating greater axonal regeneration in the subacute
group. The fiber diameter was significantly larger in Group
SA+C+PN (3.034 ⫾ 0.090 µm) than that in Group CH+C+PN
(2.651 ⫾ 0.574 µm) (P ⫽ 0.007) (Fig. 9C). Also, the axon diameter in Group SA+C+PN (1.63 ⫾ 0.12 µm) was significantly
larger than that in Group CH+C+PN (1.27 ⫾ 0.32 µm)
(P ⬍0.001) (Fig. 9D). In contrast, there was no significant difference in myelin thickness between Group SA+C+PN (0.700 ⫾
0.056 µm) and Group CH+C+PN (0.705 ⫾ 0.143 µm) (P ⫽
0.285) (Fig. 9E). The G ratio, i.e., the ratio of axon diameter to
fiber diameter, was significantly different between Group
SA+C+PN (0.547 ⫾ 0.036) and Group CH+C+PN (0.480 ⫾
0.043) (P ⬍0.001) (Fig. 9F).
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The cross-sectional area and frequency distribution of fiber
diameter of the PN control were compared with the tissue
bridges in Groups SA+C+PN, SA+EC, and CH+C+PN (Table 2).
The area occupied by the grafts was calculated as a percentage
of the area of the channel lumen in Groups SA+C+PN,
CH+C+PN, and SA+EC and was 26.2, 27.0, and 11.8%, respectively, compared with that in the PN control. In addition, the
fiber diameter in Groups SA+C+PN and CH+C+PN was significantly smaller than that in the PN control (7.009 ⫾ 0.248 µm)
(P ⬍ 0.001), which contained a large number of myelinated
fibers (50,070 ⫾ 27,860) (Table 2). Interestingly, the distribution
of fiber diameter showed a peak between 2 and 5 µm (Fig. 9G),
where the percentage of fiber diameters in this range was 88.2,
80.3, 69.0, and 40.7% in Groups SA+C+PN, CH+C+PN, and
SA+EC and the PN control, respectively. Thus, the axons in
Groups SA+C+PN and CH+C+PN were significantly smaller
than those in the PN control. However, most of the fibers in all
groups, including the PN control, were between 3 and 5 µm in
fiber diameter, indicating that most of the regenerated fibers
were similar to those in the PN control.

Functional Evaluation
There was no significant difference in the BBB score at 12 weeks
among the three subacute groups treated at 1 week (Fig. 10A)
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chronic empty channel group.
The glial scar adjacent to the
tissue bridges may have acted
as a physical or chemical barrier to axonal regeneration
(Figs. 3–5). However, it is quite
remarkable that we were able
to induce an average of
approximately 25,000 axons in
the chronic group (Table 2).

Axonal Regeneration or
Sprouting
The subacute PN-filled
channel group had the largest
number of myelinated fibers in
the tissue bridge (35,260 ⫾
10,590), although the chronic
group also had a large number
FIGURE 10. Functional evaluation using Basso, Beattie, and Bresnahan (BBB) scoring in subacute (A) or chronic
of axons (25,590 ⫾ 10,440). To
(B) groups for 12 weeks after the second operation. There was no significant difference in the BBB score at 12 weeks
our knowledge, these groups
among the three groups with implanted channels at 1 week (one-way repeated-measures analysis of variance, P ⫽
had the largest number of
0.153). Similarly, there was no significant difference in the BBB score at 12 weeks among the three groups implanted
regenerated axons of any prewith channels at 4 weeks (P ⫽ 0.806). Furthermore, there were no differences between the three subacute groups vervious study of SCI treatment,
sus the three chronic groups (P ⫽ 0.454). Importantly, the BBB scores did not decrease after implantation of the chanincluding grafted Schwann
nel at either 1 week or 4 weeks after injury. Bars, mean ⫾ standard error.
cells (9, 11, 15, 21, 27, 34). For
example, cultured Schwann
cells transplanted into the cavity 1 week after mild to moderate
(one-way repeated measures analysis of variance, P ⫽ 0.153).
contusion injury induced approximately 3,000 myelinated
Similarly, there was no significant difference in the BBB score at
fibers to extend into the lesion at 12 weeks (46). In addition, the
12 weeks among the three chronic groups treated at 4 weeks (Fig.
number of axons in the channels far exceeded the number of
10B, P ⫽ 0.806). Furthermore, there were no differences between
axons that regenerated after implantation of PN grafts in the
the three subacute groups and the three chronic groups (P ⫽
Cheng et al. (13) study including those in our laboratory (25,
0.454). None of the animals achieved plantar placement of the
50). There are several recent reports of the grafting of PNs into
paw with weight support, which corresponds to a BBB score of 9.
the spinal cord in a small number of humans with subacute or
chronic SCI. This strategy has been found to be feasible,
DISCUSSION
although no randomized, controlled trials have been performed in humans (14, 45, 53).
We describe a new spinal cord repair strategy for the severely
damaged spinal cord based on intramedullary, intracavitary
Origin of the Regenerated or Sprouted Axons
implantation of a novel chitosan channel containing PN grafts.
Delayed implantation at 1 or 4 weeks after injury produced a
Although the precise origin and destination of the regenerthicker tissue bridge containing a larger number of myelinated
ated axons in the channels are unknown, our axonal tracing
axons and well developed blood vessels bridging the spinal
and morphometric findings suggest that many of the regenercord compression site compared with empty channels.
ated axons in the channels originated locally, such as from neurons in the DRGs adjacent to the tissue bridges. First, there
Subacute versus Chronic Implantation
were many CGRP-immunolabeled axons in the bridges, and it
is known that 66% of the DRG neurons in rodents are
Repair of chronic SCI in the rodent is more difficult than
immunopositive for CGRP (20). Also, 40.7% of the fibers in the
repair of subacute SCI because of the massive glial scarring
PN grafts were 2 to 5 µm in diameter, and most of the regenersurrounding the lesion after 4 weeks. Although the role of reacated fibers in Groups SA+C+PN, SA+EC, and CH+C+PN were
tive astrocytes after SCI is controversial (41), the glial scar, comin this range (Fig. 9D). It is known that central nervous system
posed of reactive astrocytes and proteoglycans, likely inhibits
fibers are much smaller than peripheral nervous system fibers.
axonal regeneration (7, 44). In the present study, the rats treated
For example, the fiber diameter in the rat sciatic nerve is
in the subacute stage (1 wk) had more axons in the tissue
approximately 7 µm, comparable to the PN grafts in the presbridge than the rats treated in the chronic stage (4 wk). Also,
ent study (51), whereas the fiber diameter in the dorsal, lateral,
the bridges were larger in the channels containing PNs than in
and ventral columns and the corticospinal tract in the rat spinal
the empty channels, and no tissue bridges were present in the
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cord are approximately 2.4, 3.1, 4.1, and 1.1 µm, respectively (8,
28). However, we found that the PN grafts also contained many
small fibers less than 5 µm, corresponding to the size of the
majority of the regenerated fibers in the bridges. In addition,
anterograde labeling with BDA revealed no evidence that the
axons in the channels originated from the corticospinal tract.
Other investigators also found that the majority of regenerated
axons in PN grafts implanted after SCT or hemisection originated from neurons in the DRGs adjacent to the tissue bridges
or from local neurons in the adjacent spinal cord (38–40).
However, we cannot rule out the possibility that some of the
regenerated fibers in the present study originated from anterior
horn cells or segmental sensory neurons in the spinal cord,
which may have resulted in local motor or sensory improvements that would not have been detected by the functional
tests that we employed. Moreover, our techniques could not
distinguish between axons in the channel that sprouted from
adjacent spared axons and those that regenerated from transected axons. Future studies should include additional axonal
tracing with anterograde tracers from a larger number of sites,
including the brainstem and retrograde tracing from the spinal
cord and DRGs.

Schwann Cell Survival
PN grafts from GFP rats facilitated identification of grafted
versus host Schwann cells. All axons in the tissue bridges
14 weeks after PN grafting are host axons from the central nervous system or nerve roots because donor axons in the PN grafts
do not survive as indicated above, and it is known that NF200
immunoreactivity in the distal portion of the completely severed PN disappears within 2 weeks after axotomy (29). Fourteen
weeks after the implantation of PN-filled channels, we observed
numerous p75-positive, GFP-expressing Schwann cells within
the bridges that were closely associated with regenerating host
axons. Interestingly, there were only a small number of astrocytes and no oligodendrocytes in the bridges. Schwann cells can
survive in the presence of degenerating axons for 1 year (58), and
it has been widely accepted that Schwann cells are capable of
facilitating central axonal regrowth after SCI (33). Schwann cells
can act as a cellular scaffold in the lesion, but they also produce
various neurotrophic factors, synthesize extracellular matrix, and
express a variety of cell adhesion molecules to promote repair of
the damaged spinal cord (52). PN grafting (13, 25, 39) or transplantation of cultured Schwann cells in tubular guidance channels has been a frequent strategy for spinal repair, either alone or
in combination with neuroprotective agents (12), neurotrophic
factors (3, 27), chondroitinase ABC (11, 15), or grafts of olfactory
ensheathing glia (35), but functional recovery has been minimal.
Schwann cell transplantation has also been attempted for chronic
SCI (19, 37), but recovery was not determined. Recently, it was
shown that approximately 17% of transplanted cultured
Schwann cells survived for 3 months after transplantation in the
cavity in a chronic SCI model (4). We can estimate the number of
surviving Schwann cells based on the 1:1 association of Schwann
cells with myelinated fibers and the pattern in PNs. In the PN
control, there were approximately 50,000 myelinated axons (Table
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2), and in the subacute and chronic groups (Groups SA+C+PN
and CH+C+PN), there were approximately 35,000 and 26,000
axons, respectively. Thus, we estimate that 50 to 70% of the
Schwann cells survived, assuming no proliferation of Schwann
cells during this time. This was confirmed by the finding of no
Ki67-labeled Schwann cells in the channels at 14 weeks, although
there was likely some proliferation earlier (30). Also, survival
rates of 50 to 70% of Schwann cells do not include Schwann cells
associated with nonmyelinated fibers or any host Schwann cells
that may have migrated from adjacent spinal roots or DRG.
There were only a small number of host Schwann cells in the tissue bridges in rats in Group SA+EC, and therefore we do not
expect that a large number of host Schwann cells migrated into
the tissue bridges in Groups SA+C+PN and CH+C+PN.
According to the G ratios of Groups SA+C+PN and CH+C+PN
(23), most of the axons in the bridges had well developed myelin,
indicating excellent functional capacity of the surviving
Schwann cells.

Migration of Donor Schwann Cells
Donor Schwann cells do not migrate into the adjacent host
spinal cord after transplantation (4). In the present study, we
also observed no migration of donor Schwann cells from the
PN grafts into the rostral or caudal spinal cord adjacent to the
bridges. However, some donor Schwann cells migrated out of
the channels and along the external surface of the channel wall,
and these cells were associated with some axons indicating
that donor Schwann cells are capable of migrating when an
adequate scaffold is present.

Inflammation and Biocompatibility
of the Chitosan Channels
There were no inflammatory cells in the channel walls and
minimal inflammatory or fibrotic reaction adjacent to the channel walls, indicating good biocompatibility of the chitosan channels. In contrast, in our previous study of implanted synthetic
poly(2-hydroxyethyl methacrylate-comethylmethacrylate) and
poly(2-hydroxyethyl methacrylate) PN-filled channels in a SCT
model, we found atrophy of the grafted PNs and sparse axonal
regrowth (30). In the present study, the chitosan channels (92%
deacetylated) remained intact in the cavity for 14 weeks. This is
consistent with another study that demonstrated biostability of
93.3% deacetylated implanted chitosan in the skin for 12 weeks
(4). Slow degradation coupled with excellent biocompatibility of
the chitosan likely contributed to the long survival of the donor
Schwann cells in the present experiment. These properties make
chitosan one of the most promising biomaterials for SCI repair.

Functional Recovery
Despite the large number of regenerated axons in the
bridges, there was no functional recovery on the basis of openfield locomotor testing. Similarly, Le Beau et al. (24) found no
motor recovery with silicone tubes and PN transplants and
suggested that constrictive forces based on the collapse of tubes
caused axonal degeneration. In contrast, the chitosan channels
in the present study remained concentric, did not collapse, and
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contained regenerating axons that were morphologically intact.
Future study of this strategy should also include examination
of local motor recovery to detect regeneration of local motor
neurons as well as sensory recovery. Such recovery would have
major functional significance if it enhanced local motor or sensory recovery in injuries involving cervical or lumbar spinal
cord. Sensory tests could also assess the presence of allodynia.
It would also be of interest to examine functional recovery after
injuries of less severity. To attract more supraspinal axons, combined therapy with other agents will likely be necessary, such
as the application of antibodies against Nogo-A (5) and administration of cyclic adenosine monophosphate (2, 27), chondroitinase ABC, or neurotrophic factors.

Potential Limitations
Two injured control groups were employed for evaluating
the chitosan plus PN strategy: an empty channel group and a
group without channels. We reasoned that an additional control group of PN grafts without channels was not necessary to
address the first hypothesis that axonal regeneration in a chitosan tube is enhanced by adding PN grafts to the tube.
Similarly, this additional control was not necessary to address
the second hypothesis that chitosan channels have good biocompatibility in the injured spinal cord. Previous studies of
peripheral nerve grafts alone in our laboratory (50) and other
laboratories (39, 40, 47), and grafting of Schwann cells alone
produced only minimal functional recovery and modest axonal
regrowth from brainstem motor nuclei (10, 26, 56). Also, a
recent study in an SCI model similar to ours showed that,
although intracavitary transplantation of autologous PN grafts
1 week after SCI promoted axonal regeneration past the lesion
site, there was no functional recovery (37).
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COMMENTS

T

his article evaluates the efficacy of an intramedullary implant in
promoting axon regeneration in a rat model of crush injury to the
thoracic spinal cord. The intramedullary implant used is a synthetic
tube of chitosan (a biodegradable polysaccharide) filled with donor
peripheral nerve grafts from green fluorescent protein (GFP)-labeled
animals. The chitosan channels with peripheral nerve grafts, as well as
appropriate controls, were implanted into the traumatic cord cavitation
in a delayed fashion 1 or 4 weeks after injury. The animals were evaluated for functional recovery over a period of 12 weeks by blinded
observers and subsequently were sacrificed for histological examination.
The implants had no impact on functional recovery, as no animals
were able to bear weight on their hindlimbs. On histological examination, a tissue bridge with several thousand axons was noted in the
implanted chitosan channels with peripheral nerve grafts, most prominently in the animals that received the implants 1 week after injury.
The regenerated axons in the tissue bridge do not seem to come
from the corticospinal tract, as Nomura et al. demonstrated with
anterograde BDA labeling. They hypothesized that the axons stem from
cell bodies in the dorsal root ganglion or rostral cord. With GFP labeling of the peripheral nerve grafts, they showed that donor Schwann
cells are intimately related with the process of axonal regeneration.
This study adds to a growing body of literature on biosynthetic
implants designed to heal spinal cord injury. It is encouraging that a
robust number of axons are seen within the implants at the 12-week
follow-up, but disappointing that no regeneration of the corticospinal
tracts was seen and that no functional recovery occurred.
Vikram Nayar
Daniel H. Kim
Houston, Texas
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T

his article describes the implantation of chitosan channels containing
peripheral nerve grafts into trauma-created gaps in the spinal cord.
Although no functional benefit was noted, Nomura et al. were able to
detect robust axonal growth through the graft. Using GFP-labeled donor
animals, they were able to demonstrate remyelination of these axons
within the graft; however, there was no evidence of spreading of the
GFP Schwann cells beyond the border of the chitosan graft. Overall, this
work is important in that it describes a technique for using genetically
altered animals as donors to trace the fate of transplanted cells. The
robust axonal growth is encouraging; however, the lack of any functional improvement and the fact that cavities rostral and caudal to the
cord persisted limits the celebration at this point. I would be curious to
see a more detailed description of where the axons were coming from
and where they were going. Otherwise, this is well-done work.
Daniel K. Resnick
Madison, Wisconsin

F

indings of this laboratory investigation include the following: 1)
implanted chitosan channels have no significant degradation or
immune/tissue reaction at 3 months when implanted into the spinal
cord, 2) robust axonal infiltration with myelination by Schwann cells
occurs in these channels when they are filled with peripheral nerve
grafts (seen both at 1 and 4 weeks after crush injury), 3) Schwann cells
do not migrate into the adjacent spinal cord, 4) there is no evidence of
corticospinal tract regeneration into or across the channels filled with
nerve grafts, and 5) no functional benefit in the experimental groups
was observed with serial locomotor testing. These are all important
contributions to the optimization and/or development of peripheral
nerve conduits for the treatment of spinal cord injury.
Although not directly confirmed, the extensive infiltration of axons
in the channels were presumably from local spinal cord neurons or,
more likely, from nearby dorsal root ganglia. Future investigations
should include tracer studies examining the origin and destination of
these axons, as well as functional assessment of pain and sensation, the
latter of which was mentioned by Nomura et al. It is unfortunate, albeit
not surprising, that there was no evidence of corticospinal tract regeneration across the injury site, either histologically or functionally. They
mention the addition of various factors to help overcome this problem,
including, for example, antibodies to Nogo-A or chondrotinases. The
effect of these factors on promotion of corticospinal tract regeneration,
however, remains somewhat complicated and disappointing.
Furthermore, the reasons that corticospinal tract axons do not regenerate into a peripheral nerve graft may be distinct from those preventing
regeneration in the central nervous system itself. Some authors have
been experimenting with peripheral nerve grafts from the spinal cord
directly to peripheral nerves. Although the results of Nomura et al. provide evidence that this repair concept may be flawed because corticospinal tract neurons did not enter the peripheral nerve grafts at all in
this study, we know that what is at the end of the channel or graft is
also very important. Perhaps having a peripheral nerve or an eventual
motor endplate at the distal end of the channel may promote motor
regeneration, as opposed to the spinal cord being at the other end.
Nevertheless, the abrupt lack of any corticospinal tract axons entering
the peripheral nerve grafts in the current study is of concern.
Nomura et al. comment that the chitosan channels may be advantageous because they do not degrade or collapse by approximately
3 months. With such robust axonal infiltration and myelination present
by 3 months, is it possible that the channels may, in fact, not degrade
quickly enough? In viewing Figure 2 of the article, there is a halo of
what appears to be dead space between the clumped grafts and the
channel (presumably not artifact); perhaps some collapse would be
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acceptable. However, this may be a moot point considering there was
no significant immune or tissue reaction to the chitosan channels at the
time points examined.
Nomura et al. have presented a sound and meticulous preliminary
investigation of their experimental model.
Stephen M. Russell
New York, New York

N

omura et al. examined a strategy to promote axonal regeneration
after subacute spinal cord injury consisting of intramedullary
implantation of chitosan guidance channels containing peripheral nerve
grafts. Fourteen weeks after implantation, these channels were found to
contain a thick bridge of myelinated axons in both the subacute and
chronic groups. The axons appeared to be from the dorsal root ganglion.
Additionally, approximately half of the Schwann cells that accompanied
the nerve grafts survived at the end of the experiment. No inflammatory
response to the chitosan was noted. Although this treatment did not
seem to improve the functional outcome of the animals, the findings are
quite encouraging and exciting. The authors plan a series of future
experiments that will certainly shed more light on this technique.
Vincent C. Traynelis
Iowa City, Iowa

D

r. Tator and his group continue to present meticulous studies as
they attack some of the most complex and challenging problems in
spinal cord injury. Even the unfamiliar reader will be able to tell with
a glance the amount of detail that has gone into every possible aspect
of this experiment. To successfully apply such a multitude of objective
outcome measures in such a delicate model of spinal cord injury is
truly a hallmark of the work Dr. Tator and his team are known for.
Those of us with experience in this field can only be amazed.
The results of this study are as exciting as they are inspiring.
Although the objectives of the research questions have clearly been
accomplished in that chitosan guidance tubules are reliable and function best when loaded with peripheral nerve grafts, the perhaps unexpected number of regenerating axons and Schwann cells induced in
this contusion model is certainly a cause for a degree of optimism.
Even though functional benefit has not yet been accomplished and
other limitations exist (as appropriately explored in the article) another
door in the maze of spinal cord injury has been unlocked and opened,
a door that will serve as a corridor for much more research to come, no
doubt by this group and by many others as well.
R. John Hurlbert
Calgary, Canada

N

omura et al. have illustrated nicely that a biodegradable polymeric scaffold may be useful to structurally guide axonal regeneration in a rodent model. They used chitosan, a polysaccharide derivative of chitin from crustacean exoskeletons, which has recently been
applied in bioengineering. Chitosans have been used experimentally to
create nanostructures for nonviral gene transfection, skin substitutes,
hemostatic agents, and drug delivery systems. They benefit from being
easy to shape and mass produce and have also been found to be highly
biocompatible.
More recently, the use of chitosan to produce a mechanical conduit
for peripheral nerve regrowth has been explained, and Nomura et al.
have described in this report an extension of this concept to spinal
cord injury. Their experimental model used intercostal nerve autografts
that were applied within the polysaccharide scaffold into a previous
area of clip-induced spinal cord injury. The histological results were
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impressive, with the demonstration of axonal regrowth through the
manufactured conduit on electron microscopy. There was no associated
functional recovery, which was not altogether surprising, given their
model of spinal cord injury.
Ultimately, combinatorial strategies will probably be necessary to
bring us to the next step to realize reliable functional improvements in

animal models. Nomura et al. have presented their well-conceived and
conducted work, and I look forward to further advances from their laboratory in polymer bioproducts to enhance neural recovery.
Michael Y. Wang
Miami, Florida

Pioneers of Cancer Treatment: Surgery. Christian Albert Theodor Billroth (1829–1894)
was a pioneer in the treatment of cancer of internal organs. Having been made
Professor of Surgery at Zurich and then at Vienna, he spent his life achieving many
surgical triumphs, including resection of the esophagus, complete excision of the larynx, partial gastrectomy, and gastrojejunostomy. Each year, Billroth published his
surgical results. Alexandre von Winiwarter, his assistant, compiled these data and
published them as one of the first statistical reviews of operative results in cancer.
From Shimkin MB: Contrary to Nature: Being an Illustrated Commentary on Some Persons
and Events of Historical Importance in the Development of Knowledge Concerning Cancer.
Washington D.C., U.S. Department of Health, Education, and Welfare, 1977.
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