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Axon Regeneration through Scaffold into Distal
Spinal Cord after Transection
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Abstract

We employed Fast Blue (FB) axonal tracing to determine the origin of regenerating axons after thoracic spinal
cord transection injury in rats. Schwann cell (SC)-loaded, biodegradable, poly(lactic-co-glycolic acid) (PLGA)
scaffolds were implanted after transection. Scaffolds loaded with solubilized basement membrane preparation
(without SCs) were used for negative controls, and nontransected cords were positive controls. One or 2 months
after injury and scaffold implantation, FB was injected 0-15mm caudal or about 5mm rostral to the scaffold.
One week later, tissue was harvested and the scaffold and cord sectioned longitudinally (30 um) on a cryostat.
Trans-scaffold labeling of neuron cell bodies was identified with confocal microscopy in all cell-transplanted
groups. Large (30-50 um diameter) neuron cell bodies were predominantly labeled in the ventral horn region.
Most labeled neurons were seen 1-10 mm rostral to the scaffold, although some neurons were also labeled in the
cervical cord. Axonal growth occurred bidirectionally after cord transection, and axons regenerated up to 14 mm
beyond the PLGA scaffolds and into distal cord. The extent of FB labeling was negatively correlated with
distance from the injection site to the scaffold. Electron microscopy showed myelinated axons in the transverse
sections of the implanted scaffold 2 months after implantation. The pattern of myelination, with extracellular
collagen and basal lamina, was characteristic of SC myelination. Our results show that FB labeling is an effective

way to measure the origin of regenerating axons.
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Introduction

ATHOLOGIC (Quencer and Bunge, 1996) AND IMAGING
(Bodley, 2002) studies of human spinal cord injury have
shown tissue destruction with cysts and gliosis at the site of
injury that interrupt connections and form a barrier to regen-
eration. In completely destructive injuries, function below the
block can only be re-established by bypassing the area (Tadie
etal., 2002) or by rebuilding functional tissue within the cyst or
scar. Cell or growth factor injections alone are unlikely to
direct regeneration through the extensively destroyed, disor-
ganized tissue. We are using tissue engineering with biode-
gradable polymer scaffolds to bridge the gap. Replacement of
a segment of cord would be suitable for many patients with
massive damage to the cord and no residual functional tissue
in the area (Quencer and Bunge, 1996; Bodley, 2002).
Adult central nervous system (CNS) neurons can regener-
ate when provided with a peripheral nervous system micro-

environment (Richardson et al., 1980; Weinberg and Raine,
1980; David and Aguayo, 1981; Bray et al., 1987; Berry et al.,
1988; Smith and Stevenson, 1988; Houle, 1991; Campbell et al.,
1992; Guenard et al., 1993). Semi-permeable polymeric guid-
ance channels have been used to deliver Schwann cells (SCs)
to promote regeneration across lesions in peripheral nerve
and spinal cord (Guenard et al., 1991, 1992; Vacanti and
Langer, 1999; Iwata et al., 2006). Biodegradable polymers can
simultaneously provide a tissue scaffold, a cell-delivery ve-
hicle, and a reservoir for sustained drug delivery (Oudega
et al., 2001; Friedman et al., 2002; Moore et al., 2006).
Different methods can be used to assess axon regrowth
through these scaffolds. Retrograde tracing provides infor-
mation about the cells of origin of axons that have reached a
specific location (Bentivoglio et al., 1980). Conversely, ante-
rograde tracing identifies the destination of axons originat-
ing from a defined neuron pool, such as cortical motor
neurons (Xu et al., 1997; Bamber et al., 2001). Fast Blue (FB,
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4-benzoylamino-2,5-diethoxybenzenediazonium chloride
hemil[zinc chloride]) has been used to study peripheral and
central connections (Akintunde and Buxton, 1992; Kummer
and Oberst, 1993; Russo and Conte, 1996; Casatti et al., 1999;
Edoff et al., 2000; Bukowska et al., 2005; Kraus and Illing,
2005) and spinal cord injury (Xu et al., 1995, 1997; Chen et al.,
1996; Russo and Conte, 1996; Asada et al., 1998; Bamber et al.,
1999; Martin et al., 2000; Puigdellivol-Sanchez et al., 2002;
Takami et al., 2002a, 2002b). Therefore, we used retrograde FB
tracing to label cell bodies of neurons with axons projecting
into or through a biodegradable polymer scaffold.

We aimed to quantitatively answer two questions: (1)
Where do regenerating axons originate? and (2) How far can
they grow beyond the scaffold into surviving cord tissue? We
studied the effect of injection volume and the spread of dye
from the injection site over time to optimize quantitative use
of the technique. We subsequently injected dye at defined
distances above and below a SC-loaded poly(lactic-co-glycolic
acid) (PLGA) scaffold. This approach allows quantitative as-
sessment of strategies designed to overcome the inhibitory
milieu of the surviving but injured cord tissue.

Materials and Methods
Animals

All experiments involving animals were performed accord-
ing to the guidelines of and approved by the Mayo Clinic In-
stitutional Animal Care and Use Committee. Rats were housed
according to National Institutes of Health and U.S. Department
of Agriculture guidelines. They were kept on a 12-h light/dark
cycle on a standard regimen, with food and water ad libitum. A
total of 72 adult female Sprague-Dawley rats (Charles River
Laboratories, Wilmington, MA; Harlan Laboratories, Indiana-
polis, IN), weighing 200 to 300 g, were used. Female rats were
used because of the ease of managing bladder expression and
the decreased incidence of urinary tract infections compared
with males. Bladders were expressed twice daily, and animals
were given analgesics and antibiotics as necessary. All animals
were cared for with 24-h availability of veterinarians experi-
enced in managing spinal cord injury in rodents.

Experimental groupings

Eight rats were randomly assigned to each experimental
group. Laminectomy was performed at the T9 or T10 verte-
bral level. To ensure correct and reproducible location, pins
were placed above and below the laminectomy site after the
spinal column was isolated (Fig. 1A). Complete spinal cord
transection was performed at this level, and a 2-mm long,
7-channel, SC-loaded PLGA scaffold was implanted. One or
2 months later, FB was injected at 0 mm (the host-graft inter-
face), 5mm or 10 mm caudal to the scaffold (Fig. 1D). In an-
other group, FB was injected 5mm rostral to the point of
transection and scaffold implantation (Fig. 1E), and tissue was
harvested after 1 month. Negative control animals had tran-
section at T9 followed by implantation of scaffolds containing
solubilized basement membrane preparation (BMP) (Matrigel
Matrix, BD Biosciences, San Jose, CA) but no SCs (Fig. 1C).
Positive control animals had no spinal cord transection (Fig.
1B). In positive and negative controls, 0.6 uL. of FB was in-
jected into the spinal cords at the T11 level (~5 mm caudal to
the position where scaffolds would be placed).
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Primary SC isolation and culture

Primary neonatal SCs were obtained from sciatic nerves of
P4 rats (Brockes et al., 1979; Porter et al., 1986). Pups were
humanely killed by intraperitoneal injection of sodium pen-
tobarbital (Sleepaway, Fort Dodge Animal Health, Fort
Dodge, IA). Sciatic nerves from both legs were isolated and
removed under aseptic conditions, stripped of connective
tissue and epineurium, cut into 1-mm? pieces, and treated
enzymatically for 45 min with 0.25% trypsin EDTA (Media-
tech, Herndon, VA) and 0.03% collagenase (Sigma, St. Louis,
MO) in Hank’s balanced salts solution (Gibco, Grand Island,
NY). After digestion and mechanical dissociation, cells were
pelleted at 800 rpm for 5 min, supernatant was removed, and
cells were resuspended in 5mL of DMEM/F12 medium con-
taining 10% fetal bovine serum and 100U/mL penicillin/
streptomycin (Gibco). Cells were plated onto laminin-coated
35-mm dishes (Falcon, Becton Dickinson Labware, Franklin
Lakes, NJ) and incubated at 37°C in 5% CO, for 48 h.

Scaffold manufacturing and loading

PLGA polymer scaffolds with 7 parallel channels (660-um
diameter) were fabricated by injection molding and solvent
evaporation, as previously described (Moore et al., 2006).
Scaffolds were cut into 2-mm lengths and washed in ethanol
for 30 min with gentle shaking to sterilize the scaffolds and to
remove any residual mold lubricant. Scaffolds were vacuum
dried for 24 h to remove the ethanol, then sealed in sterilized
glass vials and stored desiccated at 4°C until further use.

SCs were detached from dishes with trypsin-EDTA for
2 min and suspended at 5x10° cells/uL in chilled BMP (Gue-
nard et al., 1992; Xu et al., 1995). Each of the seven channels of
the scaffold was loaded with cells using a gel-loading pipette
tip under a microscope at 4°C. The internal volume of each
channel was 0.67 uL, for a final cell loading of 2.4 x 10° cells per
scaffold. Loading efficiency was determined by immediately
flushing out cells and counting in a hemocytometer for a
sample of scaffolds. Cell-loaded scaffolds were incubated in
DMEM/F12 medium with 10% fetal bovine serum for 24h
before implantation in vivo. SC phenotype of the cells was
demonstrated by positive 5100 immunostaining.

Surgical procedures, spinal cord transection,
and scaffold implantation

Animals were anesthetized with intraperitoneal injection of
80 mg/kg ketamine (Fort Dodge Animal Health) and 5 mg/kg
xylazine (Lloyd Laboratories, Shenandoah, IA). The back was
shaved and aseptically prepared with a povidone-iodine scrub
swabstick (Professional Disposables, Orangeburg, NY). Pur-
alube Vet Ointment (Pharmaderm, Melville, NY) was applied
to protect the eyes from dehydration during the relatively long
procedure. Animals were kept on a heating pad to maintain
body temperature at 37°C £ 0.5°C during surgery. A Zeiss
F-170 microsurgical microscope (Oberkochen, Germany) was
used during the entire surgical procedure. After skin incision
and laminectomy at the T9-T10 vertebral levels, the spinal cord
was completely transected with a sharp blade. After transec-
tion, the spinal cord retracted from the lesion site and left a
2-mm gap at the T9 spinal cord level. All spinal roots visible in
the transection gap were removed. A 2-mm-long scaffold
loaded with SCs was implanted in the gap and aligned with
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FIG. 1. Diagram of experimental designs. (A) Fixation pins were placed above and below the level of the T9-10 lami-
nectomy to confirm reproducible location of the transection. (B-E) Fast Blue (FB) fluorescent dye (0.6 uL) was injected via
Hamilton syringe into the thoracic spinal cords of adult female rats at different levels. One week later, tissue was harvested
and frozen and the cord sectioned longitudinally (30 um) on a cryostat. (B) Positive control: FB injection at the T11 level
without transection and implantation of scaffold (n==8). (C) Negative control: FB injection at the T11 level, with transection
and implantation of scaffold loaded with solubilized basement membrane preparation (BMP) (n=8). (D) Experimental
groups with caudal FB injection at different levels of the spinal cord (0, 5, or 10 mm caudal to the transection and scaffold
loaded with Schwann cells [SCs]) 1 or 2 months after transection/implantation (total, n = 48). (E) Experimental group with FB
injection at the T7 level of the spinal cord (5mm rostral to the transection and scaffold loaded with SCs) 1 month after
transection/implantation (n = 8). P1-P4, 15-mm segments of spinal cord (caudal to rostral). (Used with permission from the

Mayo Foundation for Medical Education and Research). (Color image is available online at www .liebertpub.com/jon)

the rostral and caudal spinal cord stumps. Muscles and skin
were sutured separately. Animals in the negative control
group were treated the same, except that the implanted scaf-
folds were loaded with BMP but no cells. Positive control
animals had no cord transection and no sham surgery.

Dye diffusion studies

We injected FB into the spinal cord at the T11 level in a
group of unoperated rats to determine the rate and distance of
dye diffusion from the site of injection. Different volumes
(0.1-1.0 uL) of FB were injected into normal cord and tissue
harvested after various intervals (0-7 days). Two animals
were used for each volume and time condition (20 rats total).

The effects of injection volume and time of harvesting after
injection were evaluated in parallel. For studies regarding

time after injection, 0.6 uL. FB was injected; tissue was har-
vested immediately (0 hour), after 2h, or after 1, 3, or 7 days.
For the 0-h time point, care was taken to freeze the cord in situ
immediately after injection and to transfer the 1-cm segment
around the injection site en bloc to the cryostat chamber. The
whole cord was longitudinally cryosectioned (30 um), and the
area of dye was measured in every fifth section using scan-
ning confocal microscopy (Fig. 2). The total volume contain-
ing dye was calculated by assuming that the dye was
contained in an ellipsoid with volume 4/3nrir,h, where 1y is
the maximum measured horizontal radius, r, the maximum
measured coronal radius, and h the maximum rostrocaudal
height of the dye-labeled area. For the injection volume
studies, 0.1-1.0 uL of dye was injected, and tissue was har-
vested after 7 days. Volume of diffusion was measured by the
same technique.
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Halo of FB injection. (A-E) FB (0.6 uL) was injected and tissue was harvested immediately (0h, frozen in situ) or at

2hor1, 3, or 7 days. The whole cord was longitudinally cryosectioned (30 um) and the area of dye spread measured in every
fifth section using scanning confocal microscopy with the motorized stage. (F-J) Using similar techniques, 0.1-1.0 uL of dye
was injected and tissue harvested after 7 days. (Color image is available online at www liebertpub.com /jon)

Retrograde tracing with FB

One or 2 months after scaffold implantation, the injury site
was re-exposed, and 0.6 uL of 5% aqueous FB (Polysciences
Europe GmBH, Eppelheim, Germany), was stereotactically
injected into the thoracic spinal cord (0 mm, 5mm, or 10 mm
caudal, or 5mm rostral, to the transection/scaffold) using a
needle (gauge, 26s/2”/2) attached to a 10-uL Hamilton
syringe (Reno, NV). All injections were performed over 1 min,
and the injection needle was kept in place for an additional
minute to minimize leakage on withdrawal. The scaffold was
not visualized during this procedure.

Postoperative care of animals

All rats were injected with 5.0 mL lactated Ringer’s solution
subcutaneously after surgery and allowed to recuperate.
Changes in body weight were monitored daily. If an animal
lost more than 5% of its body weight during the course of one
day, a subcutaneous injection of saline solution (Baxter
Healthcare, Deerfield, IL) was given. The rats were kept in
low-sided, warmed cages to enable them easy access to food
and water, and bedding was changed frequently to prevent
decubitus ulcers. Buprenex (0.05mg/kg; Reckitt Benckiser
Pharmaceuticals, Richmond, VA) was administered intra-
muscularly twice daily for 3 to 5 days to minimize pain after
surgery. Acetaminophen was given if needed. Baytril
(65 mg/kg; Bayer, Shawnee, KS) was given intramuscularly
for 1 week and as needed thereafter to prevent infection.
Bladders were emptied manually twice daily for the whole
duration of the experiment.

Tissue preparation and sectioning

For the dye diffusion studies, animals were humanely killed
immediately (Oh) or at 2h, or 1, 3, or 7 days after injection. For
the tracing experiments, animals were humanely killed and
transcardially perfused with fixative (4% paraformaldehyde,
10% sucrose) 1 week after FB injection. The brain, spinal cord,
and implants were removed en bloc and postfixed in the same
fixative overnight at 4°C. Brain and spinal cord were isolated,
fixed again in the same fixative overnight at 4°C, and then
transferred to phosphate-buffered 15% sucrose solution for

24 h at 4°C before they were processed for cryostat embedding
with tissue freezing medium (Triangle Biomedical Sciences,
Durham, NC). The position of the scaffold was identified and
used as the midpoint of a 15-mm segment of the cord. The
segment (designated P2) contained 6.5mm of cord rostral to
the scaffold, the 2-mm scaffold, and 6.5mm of caudal cord.
The remainder of the cord was cut into 15-mm contiguous
segments that corresponded to different levels of the spinal
cord: ~T10-L3 (designated P1), ~T6-T10 (P2), ~T1-T5 (P3),
and craniocervical junction to C8 (P4) (Fig. 1). P1 contained the
FB injection site, and the rostral end of P4 was at the junction of
the brainstem and cervical cord. The brain was divided at the
rostral mid brain level (approximately at the level of the red
nucleus). The spinal cord segments were cut longitudinally,
and the entire brain was cut horizontally into 30-um sections
(Reichert HistoSTAT, Cryostat Microtome, Leica Micro-
systems, Bannockburn, IL). Sections were carefully numbered
and sequentially collected as five sections per slide.

Visualization and counting of FB-labeled neurons

The Tissue Freezing Medium-embedded spinal cord and
brain sections were viewed with a laser scanning confocal
microscope (LSM510, Zeiss). FB-labeled images were captured
using a C-Apochromatx 10 or x 20 objective lens (0.45 NA). The
pinhole was set to give a 1-um optical slice. The blue fluores-
cence of FB-labeled neurons and axons was visualized with
excitation from the 358 nm line of an argon/krypton laser.
Emission was collected through a 467-nm long-pass filter. In
animals of each group (0-, 5-, and 10-mm caudal injection;
5-mm rostral injection; positive and negative controls), FB-
labeled neurons were counted in different segments of the
spinal cord and areas of the brain. All identified neurons with a
visible nucleus and whole cell body were counted, and the
mean of the values from the cord segment or brain area was
used for analysis. Cells were only counted if they were outside
the halo of dye that diffused around the injection site.

Measurement of FB-labeled axon tracing distances

Distance from the injection site to individual, labeled neu-
ron cell bodies was measured by using the motorized stage of
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the laser scanning confocal microscope. At the time of tissue
harvesting and analysis, it was possible to accurately measure
distances. The injection site was marked with a line perpen-
dicular to the long axis of the cord and was used as the starting
point with the stage set to 0. For cell bodies in P2, P3, and P4,
the distance was measured from the center of the cell body to
the caudal edge of the section, which was assumed to be im-
mediately adjacent to the rostral end of the previous segment.
Distances were determined by the distance the stage traveled,
as displayed by the microscope software. For every labeled
neuron, the distance from cell body to the line of origin
(parallel to the long axis of the cord) was calculated. This
generated a series of values from each section in a spinal cord.
Sections were randomized so that the observers making the
measurements were unaware of the experimental group or
time of tracing (1 or 2 months). In addition, the distance from
the actual FB injection site to the scaffold was measured.

Light and electron microscopy

An additional group of four animals survived for 2 months
after cord transection and implantation of scaffold seeded
with SCs. The animals were humanely killed and then per-
fused with 4% paraformaldehyde in phosphate buffer. The
spinal cord and implants were removed en bloc and postfixed
in the same fixative overnight. The isolated spinal cords were
fixed in Trumps solution (4% formaldehyde, 1% glutaralde-
hyde in phosphate buffer) for 48h at 4°C. Specimens were
postfixed in osmium tetroxide, dehydrated, and embedded in
epoxy resin for transmission electron microscopy. Sections
through the scaffold were cut at 1.5 um for light microscopy
and 0.1 yum (100 nm) for transmission electron microscopy.

Statistical methods

Tracing distances and number of labeled neurons were
described by mean and SD. Difference in number of labeled
neurons between groups was analyzed with one-way analysis
of variance (ANOVA). Multiple linear regression analyses
were used to determine if the number of FB-labeled neurons
correlated with the actual distance from the injection site to the
scaffold. P values less than 0.05 were considered significant.

Results
FB diffusion after injection

Table 1 and Figure 2 show the effects of volume of dye
injection and time after injection on dye spread. Immediately
after injection of 0.6 uL. of FB, cells were not labeled, but a
small volume of visible dye (mean measured volume, 0.1 uL)
and dye crystals were present at the injection site (Fig. 2A).
After 2h, cell labeling was visible (mean, 0.26 uL at the in-
jection site). This volume increased at days 1, 3, and 7 (Table
1). Linear regression analysis of the volume course showed a
direct (linear) relationship between volume of dye injected
and measured volume of label after 7 days (mean [SD] slope,
7.6 [1.1]; * =0.94; p = 0.006) (Table 1).

For all subsequent experiments, 0.6 uL. of FB was injected,
and tissue was harvested after 7 days. Addition of larger vol-
umes appeared to increase the rostrocaudal spread of dye. The
mean rostrocaudal radius of the “halo” around the injection
site was 1.1mm. No abnormal locomotor function was ob-
served in animals after FB injection without cord transection.
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Experiment Measured volume (uL)*

Time course®
0h 0.09 0.12
2h 0.24 0.28
1d 0.93 0.98
3d 2.29 2.48
7d 2.32 2.49

Volume injected (uL)°
0.1 0.34 0.39
0.3 0.53 0.58
0.5 211 2.18
0.7 3.61 3.67
1 6.98 7.07

“Values are the measured volumes for 2 rats per injection.

PFast Blue (0.6 uL) was injected into the spinal cord and tissue
harvested at the time indicated.

“Increasing volumes of dye were injected as shown and the spinal
cord tissue harvested after 7 days.

In all animals, examination of longitudinal sections of spi-
nal cord at the injection site showed a small defect caused by
the needle, with a surrounding ellipsoid of labeled cells (Fig.
3A). Multiple labeled axons were visible in the rostral cord
extending from the injection site in cord segments adjacent to
the injection site (Fig. 3B).

Number of neurons labeled in spinal cord
and brain nuclei

Analysis of neuron labeling was performed in control and
experimental animals at the specified time points. Not all
animals survived until this analysis, however, and others
were excluded because of unsuccessful labeling of cells.
Therefore, analysis of all eight animals in each group was not
possible.

Control groups.  In positive controls (without transection),
FB-labeled neuron cell bodies were observed in multiple areas
of the spinal cord and brain (Fig. 4). In the brain, we identified
clusters of labeled neurons in four limited areas designated
pons, midbrain, deep subcortical nuclei, and frontal cortex.
Because these were transverse, 30-um frozen sections, precise
identification of specific nuclei was not possible. We used the
three-dimensional rat brain atlas from the Laboratory of
Neuro Imaging, University of California at Los Angeles, to
identify locations of the labeled cell clusters (LONI Image
Viewer, 2008). Neurons were heavily labeled in segments P1
and P2, which are close to the injection site. In these areas (Fig.
4A and B), cell processes were labeled with punctate labeling
around cells, representing boutons terminaux and dendritic
expansions.

The number of labeled cell bodies in P1 (injection site) was
not significantly different between positive controls (6,045
[1,171]) and negative controls (transection with implantation
of scaffold without SCs) (6,147 [1,152], Table 2). In the positive
control animals, the number of labeled neurons decreased
with distance from injection site (Table 2). In these non-
operated animals, labeled neuron cell bodies were identified
in the pons, midbrain, deep subcortical nuclei, and frontal
cortex (Fig. 4E-H). No labeled neurons and axons were
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FIG. 3. Confocal microscopic images of FB injection areas. (A) Representative longitudinal section of rat spinal cord shows
the injection site (white arrow) and labeled axons adjacent to the injection site. The FB diffusion area was ~2.2x1.1 mm.
(B) FB labeling of axons (fluorescent filaments) extending from the injection site. (Color image is available online at

www liebertpub.com /jon)

observed in the spinal cord (P2, P3, and P4 segments) or brain
of negative control animals, confirming that BMP-loaded
scaffolds did not facilitate axons growing through the scaffold
into distal tissue (Table 2).

Transection/implantation groups. All rats with spinal
cord transection had hind limb paralysis. At the gross tissue
level, no obvious scarring or fibrosis was seen at the host-graft
interface, and implanted scaffolds were well integrated into
the spinal cords. Evaluation of the FB injection site showed
that the FB had been correctly injected into the lower thoracic
spinal cord in all cases. Similar numbers of labeled cells were
observed at the injection site (P1) in all the different scaffold
experimental groups (Tables 3-5), which indicates approxi-
mately equal “loading” of dye at the injection site. FB-labeled
axons, seen by confocal microscopy as fluorescent blue, single
scattered filaments or groups of small fascicles, were observed
throughout the scaffold (Fig. 5A). Most FB-labeled neurons
rostral to the scaffold were large (~ 10-20 yum in diameter) and
located in the middle of the cord (grey matter), predominantly
in the ventral horn region (Fig. 5B-D).

One month after transection/implantation, the number of
labeled neurons rostral to the scaffold decreased with distance
above the scaffold (Table 3). Numbers also decreased with
increasing distance of the injection site from the scaffold

(Table 3). The number of labeled neurons in the P2 segment
was significantly higher in the 0-mm injection group (579
[273]) than in both 5-mm (198 [99]) and 10-mm (71 [17])
groups (p <0.05 and p < 0.01, respectively). Similarly, in the
P3 segment, the number of labeled neurons was significantly
higher in the 0-mm group (148 [85]) than in both 5-mm (26
[10]) and 10-mm (7.7 [4.0]) injection groups (p < 0.05 in both)
(Table 3). In both P2 and P3 segments, the number of labeled
cells in the 5-mm injection group was higher than in the
10-mm group, but the difference was not statistically signifi-
cant (p > 0.05). A small number of labeled neurons was seen
in the P4 segment in the 0-mm injection group (9 [7]), com-
pared with none in the 5-mm and 10-mm injection groups. FB-
labeled neurons were not found in supraspinal areas.

A similar distribution of labeled neurons was seen 2
months after transection/implantation (Table 4). Fewer la-
beled neurons rostral to the scaffold were seen in all segments
at 2 months than at 1 month. The difference was only signif-
icant for the P2 segment with injection at 0mm (ANOVA,
p <0.01) (Tables 3 and 4). Two months after transection/
implantation, the number of labeled neurons in the P2 seg-
ment was similar in the 0-mm (157 [61]) and 5-mm groups
(127 [27]; p > 0.05), but both were significantly higher than in
the 10-mm injection group (34 [11]; p < 0.05). However, the
number of regenerated neurons in the P3 segment was sig-
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FIG. 4. Confocal microscopic images from sections of normal spinal cord and brain (positive controls) showing FB-labeled
neurons. (A-D) Longitudinal sections showing labeled neuron cell bodies in different segments of the spinal cord (P1-P4).
Neurons were typically 10 to 20 um in diameter and located in the anterior and central grey matter regions of the cord. (E-H)
Horizontal sections of rat brain showing FB-labeled neuron cell bodies in different areas of the brain. (E) The section
designated pons (Po) was located in the brainstem at the level of the middle cerebellar peduncle. Cells were clustered along
the midline (white line), predominantly in the basis pontis. (F) Cells in the midbrain (MBr) were arranged in an arc lateral to
the caudal end of the fourth ventricle (midline delineated with white line). (G) Labeled neurons in the deep subcortical (DS)
region were parallel to the slit-like third ventricle (midline delineated with white line). (H) Neurons in the region of the frontal
cortex (FC) were pyramidal in shape with axons projecting toward the midline. (Used with permission from the Mayo
Foundation for Medical Education and Research.) (Color image is available online at www.liebertpub.com/jon)

nificantly higher for the 0-mm injection than for both the
5-mm and 10-mm injection groups (Table 4, p <0.01 and
p <0.001, respectively). The number of regenerated neurons
in the P4 segment was also significantly higher in the 0-mm
injection group (3.3 [1.5]) than in both 5-mm and 10-mm in-
jection groups (0 neurons in both groups; p < 0.01) (Table 4).
When FB was injected 5mm rostral to the transection/
implantation site, labeled neurons were observed caudal to
the scaffold in the P2 (663 [100]) and P1 (15.3 [2.5]) segments
(Table 5), demonstrating that ascending axonal regeneration
had occurred through the scaffold, in addition to the observed
descending regeneration. The numbers of labeled neurons
above the scaffold after caudal injection and below the scaf-
fold after rostral injection were similar after 1 month (Tables 3
and 5). The numbers of FB-labeled neurons in P3 and P4 or in
brain were not significantly different between nontransected
animals and the rostral injection group (ANOVA, p=0.93),
demonstrating consistency of the injection technique.

Measurement of tracing distances

For each animal, the distances between the actual injection
site and labeled neuron cell bodies were measured. In the
0-mm injection groups, the most-rostral labeled neurons were
observed in P4, with distances from cell body to injection site
of 344 (1.5) mm after 1 month and 33.4 (1.7) mm after 2
months (Tables 3 and 4). In the 5-mm caudal injection groups,
the most-rostral labeled neurons were in P3, with mean dis-
tances of 27.1 (1.8) mm after 1 month and 29.0 (1.8) mm after 2
months (Tables 3 and 4). In the 10-mm caudal injection
groups, the most-rostral neurons were in P3 after 1 month
(27.0 [1.4] mm) and P2 after 2 months (17.4 [2.5] mm) (Tables 3
and 4).

When dye was injected 5mm rostral to the scaffold, most
labeled neurons were seen in the P2 segment, with a mean
distance of 10.1 (1.0) mm from injection site to cell body. In P1
(sacral cord), the mean distance was 11.9 (2.1) mm (Table 5).
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TABLE 2. FB-LABELED NEURONS IN DIFFERENT SEGMENTS
OF SPINAL CORD AND BRAIN IN CONTROL RATS

CHEN ET AL.

TABLE 4. FB-LABELED NEURONS IN TRANSECTED
SPINAL CORD AFTER 2 MONTHS

Distance (mm)?

Mean (SD) Mean
Group Segment cells (SD) Longest

Positive P1 6,045 (1,171) - -
controls P2 22,522 (2,282) 11.7 (1.3) 13.6
P3 13,390 (1,432) 27.1 (1.8) 29.7
P4 10,506 (2,157) 42.1 (1.9) 44.8

Brain 7,256 (1,652) - -

Negative P1 6,147 (1,152) - -
controls P2 0 (0) NA NA
P3 0 (0) NA NA
P4 0 (0) NA NA
Brain 0 (0) NA NA

“From cell body to center of injection site.
FB, Fast Blue; NA, not applicable.

Linear regression analysis of the data from the 1- and
2-month injection groups showed a significant negative cor-
relation between the number of labeled neurons and the dis-
tance between the actual injection site and the scaffold
(“actual injection distance”) (Fig. 6A and B). This was true for
all labeled neurons in the 1-month injection group in segments
P2 (r*=0.80, p=0.001), P3 (r’=0.63, p=0.01), and P4
(r*=0.74, p=0.003) (Fig. 6A), and in the 2-month injection
group, in segments P2 (r2 =0.81, p=0.001), P3 (r2 =0.91,
p <0.001), and P4 (r* =0.68, p = 0.006) (Fig. 6B).

Microscopy

Two animals each with SC-seeded scaffolds were hu-
manely killed 1 and 2 months after implantation. The profiles
of the seven tissue-filled channels were observed in the scaf-
fold with light microscopy (Fig. 7A). Myelinated axons with
typical SC morphology, including extracellular deposition of
collagen and basal lamina, were identified with electron mi-
croscopy (Fig. 7B and C).

TABLE 3. FB-LABELED NEURONS IN TRANSECTED
SpINAL CORD AFTER 1 MONTH

Distance (mm)?

Group Segment Mean (SD) cells Mean (SD) Longest
0-mm P1 6,255 (510) - -
injection P2 579 (273) 8.9 (0.6) 9.6
P3 148 (85) 20.7 (1.0) 22.3
P4 9 (7) 344 (15) 365
5-mm P1 6,968 (902) - -
injection P2 198 (99) 125 (1.0) 137
P3 26 (10) 27.1(1.8) 295
P4 0 (0) NA NA
10-mm P1 6,950 (635) - -
injection P2 71 (17) 15.0 (1.9) 17.5
P3 7.7 (4.0) 27.0 (14) 286
P4 0 (0) NA NA

Distance (mm)?

Group Segment Mean (SD) cells Mean (SD) Longest
0-mm P1 6,947 (356) - -
injection P2 157 (61) 7.68 (1.1) 9.3
P3 72 (22) 19.1 (1.9) 21.6
P4 3.3 (1.5) 33.4 (1.7) 35.3
5-mm P1 5,707 (642) - -
injection P2 127 (27) 12.6 (1.4) 14.6
P3 22 (3) 29.0 (1.8) 315
P4 0 (0) NA NA
10-mm P1 7,972 (403) - -
injection P2 34 (11) 17.4 (2.5) 20.7
P3 0(0) NA NA
P4 0 (0) NA NA

“From cell body to center of injection site.
FB, Fast Blue; NA, not applicable.

Discussion

We showed that tissue engineering with a biodegradable
polymer scaffold loaded with SCs supports regeneration that
can be reliably quantified. This scaffold provides a platform in
which the contributions of extracellular architecture, donor
cells, and microenvironment may be separately manipulated
to assess their contributions to successful regeneration. The
donor cells re-created a peripheral nerve microenviron-
ment within the channels of scaffold, with typical extracellular
basal lamina and collagen fibrils. In addition, we showed
that retrograde labeling with FB is a reproducible and quan-
titative method for measuring regeneration after spinal cord
injury.

FB is a diamidino dye that is taken up by cells, is trans-
ported over long distances, and remains in the cytoplasm.
Axons, dendrites, and neuron cell bodies are rendered visible
when the dye is sufficiently concentrated. After the dye is
injected, it diffuses away from the injection site through the
extracellular space. Varying volumes of dye (0.1-1.0 uL) have
been injected in spinal cord injury studies (Xu et al., 1995,
1997; Russo and Conte, 1996; Asada et al., 1998; Puigdellivol-
Sanchez et al., 2002; Takami et al., 2002a, 2002b). To our
knowledge, this is the first study to examine the range of

TABLE 5. FB-LABELED NEURONS IN TRANSECTED
SPINAL CORD AND BRAIN AFTER 1 MONTH
WITH RosTRAL FB INJECTION

Distance (mm)?

Mean (SD) Mean
Group Segment cells (SD) Longest
5-mm rostral P1 15.3 (2.5) 119 (2.1) 14.5
injection P2 663 (100)  10.1 (1.0)  11.6

P4 10,395 (1,023) - -

(
(

P3 11,546 (940) - -
(

7,116 (1,994) - -

Brain

“From cell body to center of injection site.
FB, Fast Blue; NA, not applicable.

“From cell body to center of injection site.
FB, Fast Blue.
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FIG. 5. Confocal microscopic images of FB-labeled regenerated axons and neurons. (A) Longitudinal sections of transected
and implanted rat spinal cord showed FB-labeled axons growing through a channel within the scaffold. (B-D) The re-
generated neuron cell bodies were labeled in the P2, P3, and P4 segments of the spinal cord rostral to the transection and
scaffold. Large neurons (30-50 um in diameter) were predominantly labeled in the ventral horn. (Color image is available

online at www liebertpub.com /jon)

distribution of dye label at different times after injection and
with different volumes of injection. This information is im-
portant when interpreting the results of dye tracing as a
marker of regeneration in spinal cord injury. A critical ques-
tion is the distance traveled by axons that have regenerated
through an environment that is permissive for axonal growth
and then entered a nonpermissive environment.

The observed relationship between time and volume of dye
injection decreases the concern that dye might have diffused
long distances before being taken up by axons. The label
within the halo appeared to be in all cells, confirming that the
dye is taken up by cells if it is present in the extracellular
space. With these findings, and previous observations that
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7 days is required to allow retrograde transport to the most
distant cell bodies, we concluded that injection of 0.6 uL and
tissue harvest after 7 days would provide reliable data and
allow us to account for volume of diffusion in the interpre-
tation of our findings.

Under positive control conditions (nontransected animals),
neurons were labeled around the injection site (P1), in the cord
(P2-P4), and in the pons, midbrain, deep subcortical nuclei,
and frontal cortex (Fig. 4). Under negative control conditions
(insertion of scaffold containing BMP but no cells), no labeling
was seen rostral to the scaffold. This showed that BMP did not
support regeneration and that dye did not leak out of the cord
and falsely label rostral cells. The uniform number of cells
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FIG. 6. Linear regression curves. Correlation of the number of FB-labeled regenerated neurons in each segment with the
actual injection distance. Each point represents one animal, and each animal generated three data points for each injection site
(i.e., the number of cells in P2, P3, and P4). Dashed lines represent 95% confidence intervals. (A) Graph of labeled neurons in
the 1-month injection groups shows significant linear correlation in the P2 (p=0.001), P3 (p=0.01), and P4 (p=0.003)
segments. (B) Similar graph for the 2-month injection group. The linear correlation is maintained for the slopes that are
flattened compared with the 1-month injection groups: P2, p=0.001; P3, p < 0.001; and P4, p =0.006. (Color image is available
online at www liebertpub.com /jon)
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FIG.7. Lightand electron microscopic images of myelinated regenerated axons. (A) Light microscopy of transverse sections
of transected and implanted rat spinal cord showed regenerated axons in the channels of the scaffold. The seven channels
were slightly distorted but could still be observed after 2 months. (B and C) Transmission electron microscopy showed
myelinated axons with typical SC morphology, including extracellular deposition of collagen and basal lamina.

labeled in P1 (~ 6,000 cells) indicated uniform injection in all
of the groups.

Longitudinal sections showed FB labeling of axons grow-
ing throughout the scaffold in transected spinal cords, but
labeled axons were seen only within segments close to the
injection site (P1, P2, or within the scaffold). In these adjacent
areas, punctate extracellular labeling was seen in close prox-
imity to the cell bodies (Fig. 4A and B vs. C and D). This was
never observed in more distant segments (P3, P4, and brain),
probably because label was concentrated enough in cells to
visualize axon terminals on dendritic spines. Cells visualized
in controls had the typical morphology of the motor system:
long projecting neurons in the rostral cord (P3, P4), pons, deep
subcortical nuclei, basal ganglia, and frontal cortex (Fig.
4C-H). In future studies, it will be interesting to more spe-
cifically identify labeled neurons above the craniocervical
junction using more detailed anatomical and immunohisto-
chemical techniques. In this study, no neurons were labeled
above this level in the transected animals.

After spinal cord transection and scaffold implantation,
neurons were labeled in the rostral cord. When dye was in-
jected close to the caudal interface of the scaffold and cord
(0-mm group, Tables 3 and 4), 736 neurons (P2 + P3 +P4)
were labeled after 1 month compared with 46,418 labeled
neurons (P2 + P3 4 P4) in positive controls (Table 2). This in-
dicates that 1.6% of neurons projected axons into and through
the scaffold. The axons may originate from several different
types of neurons. They might be coming from motor system
interneurons that projected axons to the caudal cord before
transection. This would represent true regeneration. They
might originate as collaterals from neurons that were close to
the transection site but did not previously project to the cau-
dal cord. Finally, the axons might originate from ventral horn
cells that previously projected into roots. After injury, and
under the influence of SC in the scaffold, they projected into

the scaffold. Each of the latter possibilities, although aberrant,
might result in return of function below the lesion. Although
the findings demonstrate that a small number of axons grew
through the scaffold into the distal cord, we do not have ev-
idence that they reached an appropriate target and estab-
lished functional connections.

The close linear relationship between number of axons la-
beled and actual injection distance at 1 and 2 months (Fig. 6A
and B) suggests a stochastic process in which a few axons are
able to penetrate into the distal cord. The flattening of the
linear relationship between number of axons labeled and ac-
tual injection distance and the fewer labeled neurons after
2 months suggest that regeneration in this model occurs
mostly within a narrow time window after transection injury
or that axons regenerating into the distal cord may not have
made successful connections and may have retracted or de-
generated. This would be similar to the phenomenon of
“pruning” in the regenerating peripheral nerve (Brushart
et al., 1998).

When dye was injected rostral to the scaffold, the numbers
of labeled neurons in P3 and P4 (Table 5) were very close to
those in control P3 and P4 segments after 1 month (Table 2),
which confirms the consistency of injection. The number of
trans-scaffold-labeled neurons 1 month after rostral injection
(P2 + P1, Table 5) was close to the number of neurons labeled
in the reverse direction (P2+ P3 + P4, Table 3) at the same
time point.

The use of cell-loaded, biodegradable polymer scaffolds is
one approach to bridging the gap after injury of the spinal
cord (Xuetal.,, 1999; Oudega et al., 2001; Friedman et al., 2002;
Teng et al., 2002). Microengineered polymer structures po-
tentially can provide guidance, organized cell architecture,
and soluble growth or guidance factors impregnated into the
polymer matrix. Biologically active molecules may be cova-
lently attached to polymer surfaces, and computer-guided
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stereolithography can construct intricate architecture (Fried-
man et al., 2002). We used PLGA because it is approved by the
U.S. Food and Drug Administration, is readily molded into a
simple 7-channel scaffold, and supports regeneration in the
nervous system (de Ruiter et al., 2007). Novel polymers de-
rived from synthetic and biological sources are emerging
rapidly (Friedman et al., 2002). This is the first detailed study
of the use of PLGA in a spinal cord scaffold. Our results
confirm that the material is compatible with regeneration and
differentiation in the spinal cord.

SCs express axonal growth supporting cell adhesion mol-
ecules on their surface (Daniloff et al., 1986; Bixby et al., 1988;
Kleitman et al., 1988; Martini and Schachner, 1988) and pro-
duce axonal growth—promoting substrates such as laminin
(Cornbrooks et al., 1983; Bozyczko and Horwitz, 1986; Ard
etal., 1987) and fibronectin (Cornbrooks et al., 1983; Bozyczko
and Horwitz, 1986). Almost three decades ago, SCs were
shown to support CNS regeneration (Richardson et al., 1980).
This observation has been confirmed by many others (Baron-
Van Evercooren, 1994; Raisman, 1997; Bunge and Pearse,
2003; Oudega et al., 2005; Oudega and Xu, 2006). In the
present study, SCs were introduced in the scaffold, but we
cannot exclude the possibility that endogenous SCs from
proximal spinal roots migrated into the injured spinal cord
(Bresnahan, 1978; Bunge et al., 1994; Takami et al., 2002a).

Although SCs can support CNS regeneration, they may not
be practical for use with a clinical approach. A major disad-
vantage is that they create peripheral nerve architecture
within the CNS. Electron microscopy showed that individual
SCs ensheathed axons and generated typical peripheral nerve
myelin surrounded by a basal lamina (Fig. 7) (Windebank
et al., 1985). In the more compact CNS architecture, 1 oligo-
dendrocyte provides myelin for multiple axons and there is no
basal lamina. In addition, SCs generated an extensive extra-
cellular collagen matrix (Fig. 7). The basal lamina and extra-
cellular collagen matrix provide flexible mechanical strength
that protect the peripheral nervous system (Podratz et al.,
2001). For the spinal cord, which has very limited mechanical
strength, the spinal column bone provides protection and al-
lows much closer packing of neural cell elements. We estimate
that if the spinal cord had the architecture of the sciatic nerve it
would have a diameter of 8.8 mm. This reiterates the impor-
tance of finding other cells such as stem cells or olfactory
ensheathing glia to support regeneration in the spinal cord.

The construct studied here promoted limited regeneration.
We showed that long-distance regeneration can occur from
CNS neurons that project through a scaffold construct into
distal tissue. We have no evidence of functional reconnection,
and the number of successfully regenerating axons was small.
However, this study serves as an initial step toward reliably
quantifying the effects of architecture, cell type, and growth
factors on regeneration, from which future studies can be
built.
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