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Abstract

The transected rat thoracic (Tg;10) spinal cord model is a platform for quantitatively compaOring
biodegradable polymer scaffolds. Schwann cell-loaded scaffolds constructed from poly (lactic co-
glycolic acid) (PLGA), poly(e-caprolactone fumarate) (PCLF), oligo(polyethylene glycol)
fumarate (OPF) hydrogel or positively charged OPF (OPF+) hydrogel were implanted into the
model. We demonstrated that the mechanical properties (3-point bending and stiffness) of OPF
and OPF+ hydrogels closely resembled rat spinal cord. After one month, tissues were harvested
and analyzed by morphometry of neurofilament-stained sections at rostral, midlevel, and caudal
scaffold. All polymers supported axonal growth. Significantly higher numbers of axons were
found in PCLF (P < 0.01) and OPF+ (P < 0.05) groups, compared to that of the PLGA group. OPF
+ polymers showed more centrally distributed axonal regeneration within the channels while other
polymers (PLGA, PCLF and OPF) tended to show more evenly dispersed axons within the
channels. The centralized distribution was associated with significantly more axons regenerating
(P < 0.05). Volume of scar and cyst rostral and caudal to the implanted scaffold was measured and
compared. There were significantly smaller cyst volumes in PLGA compared to PCLF groups.
The model provides a quantitative basis for assessing individual and combined tissue engineering
strategies.

Keywords
OPF; PLGA,; PCLF; axon regeneration; spinal cord injury; Schwann cell

© 2011 Elsevier Ltd. All rights reserved.

Corresponding Author: Anthony J. Windebank, M.D., Department of Neurology, Mayo Clinic, 200 First Street SW, Rochester, MN
55905., windebank.anthony@mayo.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chen et al.

Page 2

Introduction

The destruction and atrophy of axons in conjunction with glial scar and cyst formation form
a physical barrier restricting axonal regeneration after spinal cord injury [1]. In completely
destructive injuries, there are two ways to reconnect links and functions below the injured
area: bypassing the injured site or rebuilding functional tissue within the cysts and scars.
Neuronal survival, axonal growth and remyelination as well as reconnection across the
injured site are required for the spinal cord repair with the help of the bridging grafts [2].

Spinal cord repair is complex and will require combining multiple modalities including
extracellular architecture, surface or molecular contact guidance cues and appropriate cells.
Tissue engineering offers the possibility of bringing polymer chemistry and cellular
neurobiology in developing new therapeutic strategies for patients [3-5]. In this context, it is
critical to develop model systems that allow deconstruction of the process and quantification
of the contributions of individual components to successful regeneration. Polymer scaffolds
for neural tissue engineering provide three-dimensional support mimicking the architecture
of the extracellular matrix (ECM) for in vitro and in vivo cell growth and tissue construction
[6, 7]. We have previously studied a number of different biodegradable synthetic polymers
[8-22] and their role as potential scaffolds in nervous system repair in both cell and animal
models.

Many cell types have been studied in animal models of spinal cord injury, including
schwann cells (SCs) [23]. SCs supported regeneration both in peripheral and central nervous
systems, and they have specifically been shown to promote axonal regeneration in the model
of spinal cord injury [13, 23-26]. Recently we demonstrated schwann cell survival for up to
6 weeks in rats after implantation of a multichannel polymer scaffold in a complete
transection study. We directly compared cell types, and found that schwann cells exhibited a
higher capacity than stem cell neurospheres to promote axonal regeneration in the transected
spinal cord [14]. This study used a scaffold made from PLGA, a polymer used clinically in
absorbable suture material, which has been studied extensively in our laboratory [17]. While
schwann cells are a promising cell type, the optimal polymer type for delivery of these cells
to the injured cord remains unknown. PLGA is approved for human use by the Food and
Drug Administration (FDA) and is used in many clinical applications. PCLF is a novel
biodegradable polymer that has been developed for directed bone and nerve regeneration.
This copolymer is self-cross-linkable and biocompatible. Scaffolds fabricated from this
material can serve as support for neural tissue engineering applications [16]. OPF is a third
polymer type under development within our collaborative group. OPF is a PEG based
macromer incorporating a fumarate moiety that is photo-cross-linked to form a
biocompatible and biodegradable hydrogel [27]. OPF can be copolymerized with [2-
(methacryloyloxy) ethyl]-trimethylammonium chloride (MAETAC) to produce a positively
charged hydrogel (OPF+). We have shown that the positively charged substrate enhanced
neuronal cell attachment, SC migration and axonal myelination in vitro [12], making this an
attractive candidate as scaffold material in vivo.

In the present study, we describe a model system that allows comparison between four
different polymers (PLGA, PCLF, OPF and OPF+) used to construct biodegradable,
multichannel scaffold for implantation with SCs. The degree of axonal regeneration is
quantitatively compared across the groups by means of neurofilament staining of transverse
sections and counting of axons at multiple levels through the scaffold.
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Materials and methods

2.1. Scaffold manufacturing

PLGA scaffolds with 7 parallel channels (660-um diameter) were fabricated by injection
molding and solvent evaporation as previously described [17]. OPF and OPF+ were
synthesized and fabricated as nerve conduits according to the previously published methods
(Scheme 1) [12, 16, 27-33]. PCLF with 1% Irgacure 819 (Ciba Specialty Chemicals Corp,
New York) formulation was injected into scaffold molds that consisted of a glass tube with
seven evenly spaced stainless steel rods coated with Ease Release 2000 (Mann Release
Technologies, Easton, PA). After treatment under UV light (MRC 58 Multiple Ray Lamp,
UVP, Upland, CA) for one hour the PCLF scaffold tube was cleaned and ‘etched’ in 3
changes of acetone over 48 hours, before being vacuum dried for 24 hours [16, 34].
Scaffolds were cut into 2-mm lengths and washed in serial dilutions of absolute alcohol for
30 minutes with mild shaking for sterilization and elimination of residual mold lubricant.
PLGA scaffolds were dried by vacuum for 24 hours for removing the alcohol, sealed in
sterilized glass tubes and then kept dried at 4°C until furt her use. PCLF and OPF scaffolds
were washed 3 times in sterile PBS over a couple of hours after incubating in 80% ETOH
for 30 minutes.

2.2. Mechanical property of polymer scaffolds

Three-point bending and compression modulus of PCLF, OPF, OPF+ and PLGA conduits
were measured using a dynamic mechanical analyzer (DMA2980, TA instruments) at room
temperature. Three-point bending in a dynamic mechanical analyzer was used to measure
flexural modulus of conduits as previously described [34]. Freshly isolated spinal cord from
rat was harvested and compared in the same system within 15 minutes of isolation. Polymer
conduits had an average outer diameter of 2.2 mm for OPF conduits, 2.6 mm for OPF+
conduits, 2.4 mm for PLGA conduits, 3.03 mm for PCLF conduits, and a fixed length of 8.5
mm. Six specimens were measured and averaged for each sample. For measurements of
compression, modulus was measured on the conduits with thickness of 2 mm as used in
transected spinal cord. The test was performed under load control, where load was applied at
a rate of 4 N/min. Stress and strain data collected during testing were plotted, and the
storage modulus was determined as the slope of the linear region of the stress versus strain
curve, as previously described [35].

2.3. Primary schwann cell isolation and culture

Primary neonatal schwann cells were obtained from sciatic nerves of P4 rats [36, 37]. Pups
were humanely euthanized by intraperitoneal injection of sodium pentobarbital (Sleepaway,
Fort Dodge Animal Health, Fort Dodge, lowa). Under aseptic conditions, sciatic nerves
were surgically isolated and removed from the both legs. Harvested nerves were pooled. The
connective tissues and epineurium were removed. Sciatic nerves were cut into 1-mm3
pieces, and then digested enzymatically for 45 minutes with 0.25% trypsin EDTA
(Mediatech Inc, Herndon, Virginia) and 0.03% collagenase (Sigma, St. Louis, Missouri) in
Hank’s balanced salt solution (Gibco, Grand Island, New York). After digestive treatment
and mechanical dissociation, cells were pelleted for 5 minutes at 800 rpm. Cells were re-
suspended in 5 ml of DMEM/F12 medium containing 10% fetal bovine serum and 100
units/ml penicillin/streptomycin (Gibco, Grand Island, New York) following removal of the
supernatant. Then the cells were plated onto 35-mm laminin-coated dishes (Falcon; Becton
Dickinson Labware, Franklin Lakes, New Jersey) and incubated at 37°C in 5% CO 5 for 48
hours as previously described [13].
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1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chen et al. Page 4

2.4. Scaffold loading

Schwann cells were detached from dishes by incubating with trypsin-EDTA for 2 minutes
and suspended at a density of 5x10° cells/uL in chilled Matrigel™ (BD Biosciences, San
Jose, CA) [38, 39]. Each single channel of the 7-channeled scaffold was loaded with cells
under a microscope at 4°C by using a gel-loading pipette tip. The interior volume of each
single channel was 0.67 pL, reaching an ultimate loading of 2.4x106 cells per scaffold.
Loading efficiency was evaluated and ascertained by immediately flushing out cells and
counting in a hemocytometer for a sample of scaffolds. Cell-loaded scaffolds were incubated
and kept in DMEM/F12 medium with 10% fetal bovine serum for 24 hours before
implanting into animals. Phenotype of the SCs was confirmed by immunochemical staining
of positive S100 [13, 14, 40].

2.5. Animal experiments

All experiments involving animals were performed according to the guidelines approved by
the Mayo Clinic Institutional Animal Care and Use Committee (IACUC). Animals were
housed according to National Institutes of Health (NIH) and U. S. Department of
Agriculture guidelines. All rats were held on a 12-hour light-dark cycle on a standard
regimen, with food and water ad libitum in conventional housing. A total of 33 adult female
Sprague-Dawley rats (Charles River Laboratories, Wilmington, Massachusetts; Harlan
Laboratories, Indianapolis, Indiana) weighing between 200 to 250 grams were used. Female
rats were used in this study because of the ease of handling bladder squeezing and the
lessened incidence of urinary tract infection compared to males. Bladders were squeezed
twice per day, and rats were given analgesics and antibiotics as needed after surgery. All rats
were cared for with availability of veterinarians experienced in handling rodents with spinal
cord injury in 24 hours [13].

2.6. Surgical procedures, spinal cord transection, and scaffold implantation

Before surgery, all animals were given 5 ml of lactated Ringer’s solution (Baxter Healthcare
Corporation, Deerfield, Illinois) subcutaneously, Buprenex (0.05 mg/kg, Reckitt Benckiser
Pharmaceuticals Inc, Richmond, Virginia) intramuscularly, Baytril (65 mg/kg, Bayer
Corporation, Shawnee, Kansas) intramuscularly, and had access to Acetaminophen
(Mapap™ Major Pharmaceutiacals, Livonia MI) in their drinking water (1:15) for 24 hours
previously [13].

Female rats were randomly designated to each of four experimental groups for the
implantation of SC-loaded multi-channel scaffolds fabricated from PLGA, PCLF, OPF and
OPF+. Laminectomy was carried out at Tg;1g level followed by complete transection of
spinal cord and implantation of scaffold. Briefly, rats were anesthetized with intraperitoneal
injection of ketamine at a concentration of 80 mg/kg (Fort Dodge Animal Health) and
xylazine at a concentration of 5 mg/kg (Lloyd Laboratories, Shenandoah, lowa). The back
was shaved and aseptically prepared with a povidone-iodine scrub swabstick (Professional
Disposables Inc, Orangeburg, New York). Puralube Vet Ointment (Pharmaderm, Melville,
New York) was spread to prevent the eyes from dehydration during the long surgical
procedures. Rats were maintained on heating pad to keep body temperature at 37°C + 0.5°C
during surgical procedures. A Zeiss F170 microsurgical microscope (Oberkochen, Germany)
was used along with a sterile technique during the whole surgical procedures. Following
skin incision and laminectomy at the Tg or Ty vertebral level, spinal cord was completely
cut by a sharp blade (No 11, BD Medical, Batavia, IL). A microhook/probe was used to
confirm the completeness of transection between the 2 cut ends. After complete transection,
the spinal cord retracted from the injury location and yielded a 2-mm break at Tg or T1g
level of spinal cord. All visible spinal roots were removed from the transection gap. A 2-mm
long scaffold (PLGA, PCLF, OPF or OPF+) loaded with SCs was implanted into the gap by
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a fine forceps and aligned with the rostral and caudal spinal cord stumps, making a tight
contact with the both ends under the surgical scope. Muscles and skin were sutured
separately in layers, with a deep and tight first suture of the muscle in order to hold and fix
the implanted scaffold stable in the gap.

2.7. Postoperative care of animals

The animals were maintained in low-sided and warmed cages to allow them to easily reach
food and water. Deep bedding was changed frequently in order to prevent decubitus ulcers.
Buprenex (0.05 mg/kg; Reckitt Benckiser Pharmaceuticals Inc, Richmond, Virginia) was
administered intramuscularly twice per day for 3 to 5 days to lessen pain after transection
surgery. Acetaminophen was given in the drinking water for 1 day preoperatively and 7 days
post operatively. Baytril (65 mg/kg; Bayer Corporation, Shawnee, Kansas) was given
intramuscularly twice a day for the first week after surgery and as needed thereafter to
prevent infection. Five mls of saline was also given twice a day for the first five days post
surgery. Bladders were squeezed empty manually twice a day for the whole duration after
transection, during which time the urine stream assessed for signs of infection.

2.8. Tissue preparation and sectioning

Rats were humanely euthanized by deep anesthesia with an intraperitoneal injection of 0.4
ml pentobarbital sodium (40 mg/kg) (Fort Dodge Animal Health, Fort Dodge, IA) and
transcardially perfused with fixative (4% paraformaldehyde) 1 month after cord transection
surgery. During the perfusion, 60 ml of PBS was infused through the aorta, followed by 60
ml of 4% paraformaldehyde. The spinal column and cord with the implants were removed
en bloc and post-fixed overnight in the same fixative at 4° C. Following post-fixation,
implanted scaffolds including 5 mm of the rostral and caudal spinal cord of the grafted area,
were dissected free from the vertebral column, fixed again in the same fixative overnight at
4°C before they were processed for paraffin-embeddi ng. The spinal cord segments were cut
transversely into 8-um sections on a Reichert-Jung Biocut microtome (Leica, Bannockburn,
IL). Sections were carefully numbered and sequentially collected as 5 sections per slide.

2.9. Neurofilament (NF) staining

NF staining and counting techniques were used to quantitatively assess the regenerated
axons through the scaffold with 7-channels implanted after cord transection (Tg/10) [11].
Scaffold sections were selected at quarter length intervals from the rostral scaffold-cord
interface, to the scaffold mid-point and to the caudal scaffold-cord interface. Sections were
deparaffinized in xylene, rehydrated in graded ethanol and rinsed in distilled water. In order
to retrieve the antigen, the sections were incubated in Proteinase K (2 pg/ml) diluted 1:10
with phosphate buffered saline (PBS) for 20 min at room temperature. Endogenous
peroxidases were quenched by incubating sections in 0.3% hydrogen peroxidase in methanol
for 30 minutes, rinsed in PBS for 5 min before they were covered with a protein block
solution (InnoGenex, San Ramon, CA) for 20 min to suppress nonspecific binding of
subsequent reagents. The sections were incubated with the biotinylated monoclonal mouse
anti-NF antibody against phosphorylated NF-H (Dako clone 2F11, Carpinteria, CA), diluted
1:50 and incubated overnight at 4 °C. Goat anti-mouse secondary was conjugated to
horseradish peroxidase with streptavidin, and the stain was visualized using hydrogen
peroxide and the DAB chromogen (Envision system, Dako) [11].

2.10. Counting of NF-stained axons

The number of NF-stained axons was tallied at three levels along the scaffold as previously
described [11]: 1/4 of the distance, 2/4 of the distance and 3/4 of the distance between the
rostral and caudal scaffold-cord junctions. Axon profiles were readily identified in 8 um
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transverse sections of tissues. They appeared as small russet-colored cylinders when the
observer focuses through the section (as in Figure 4). All axon tallies were done three times
to get an average number of counting for each section by a blinded observer to reduce bias.

2.11. Analysis of scar and cyst formation

The volume of glial scarring and cyst formation at both rostral and caudal spinal cord-
scaffold interfaces was measured as previously described [32, 41]. Selected slides at a
200um interval from the scaffold within the above-mentioned interface area were
deparaffinized and rehydrated as previously described. Sections were stained with
hematoxylin (Thermo Fisher Scientific, Santa Clara, CA) and Gomori’s trichrome stain
solution (Sigma Aldrich). Following a wash in 1% acetic acid and distilled H»O, sections
were dehydrated in serially ascending concentrations of ethanol and then 5 changes of xylol.
Slides were cover-slipped with a synthetic xylol-based mounting media. Image acquisition
was carried out by using a Zeiss AxioCam set on a Zeiss Axio Imager Z1 microscope. Zeiss
KS400 software was applied to measure the volume of normal cord, scar formation as well
as cyst formation. The same measurements were used for all analyzed tissues. All of these
analyses were performed by a blinded observer. Cyst was identified as fluid-filled cavity.
Scarring was observed as spinal cord tissue that was infiltrated with collagen because
collagen is not found in normal spinal cord.

2.12. Behavioral evaluation

Behavioral analysis was performed at the same time by three observers blinded to the
treatments at week 2 and week 4, respectively, using a battery of tests to rate open-field
locomaotion by the Basso—Beattie—Bresnahan (BBB) scale [42].

2.13. Statistical analysis

Results

The numbers of NF-stained axons, BBB scores and the volumes of scar and cyst were
described by mean and SEM. Difference in number of these parameters between groups was
analyzed with one-way analysis of variance (ANOVA). The statistical significance of
difference (P < 0.05) in parameters was determined by parametric one-way ANOVA.

3.1. Mechanical property of polymer scaffolds

Compression and flexural moduli of conduits are shown in Fig 1. As shown in Fig. 1A,
PLGA had the highest flexural modulus (66.33+£7.01 MPa) as compared to the other
polymer groups and fresh spinal cord (0.74+0.14 MPa). There was no significant difference
in 3-point bending between fresh spinal cord and OPF+ or OPF polymer (P > 0.05). There
was a significant difference in 3-point bending between fresh spinal cord and PCLF and
PLGA polymers (P < 0.0001). Interestingly, a significant difference in the 3-point bending
test was found between PLGA and PCLF, PLGA and OPF, PLGA and OPF+, PCLF and
OPF, PCLF and OPF+ (P < 0.0001) (Fig 1A). No significant difference in compression
modulus was identified between fresh spinal cord and OPF+, OPF and PLGA polymers (P >
0.05) (Fig. 2B). PCLF polymer had a significantly higher compression modulus compared to
spinal cord and the other three polymers (P < 0.0001) (Fig 1B)

3.2. Macroscopic morphology and alignment of polymer scaffolds in spinal cords

Geometrical and dimensional properties of the scaffolds were reproducible and were
maintained during cell-loading and neurosurgical implantation. All types of scaffolds
possessed macro-architecture consistent with original mold design (Fig 2A, 2B, 2C and 2D).
Gross examination of excised segments of spinal cord and implant revealed that all the
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scaffolds were well positioned between the rostral and caudal stumps with good alignment.
The implants integrated fully with the host tissue without apparent cavity or gap between the
implanted scaffold and host (Fig 2E, 2F, 2G and 2H). The dorsal surface of the spinal cord
showed a grossly normal appearance immediately adjacent to the reconstructed segments,
with no evidence of atrophy of the spinal stumps. Among all cases, a high degree of
integration between scaffolds and the host tissues was achieved, although OPF+, OPF and
PCLF showed better alignment than PLGA polymer. As a result, the reconstructed spinal
cord segments exhibited a macroscopic appearance, which was comparable to intact spinal
cord. Moreover, OPF+, OPF and PCLF scaffolds better retained their original shape than
PLGA (Fig 2). This was consistent with previous observations showing that PLGA scaffolds
may become misaligned [43].

3.3. Axonal growth

NF-immunolabeling showed that axons grew into the implants in the all polymer scaffolds
seeded with SCs (Fig 3). Axons were identified as immuno-stained, russet-colored cylinders
that could be clearly visualized as tubular when the observer focused through the section
under the microscope. Representative sections from each polymer type at lower
magnification (Fig 3A, 3B, 3C and 3D), and higher magnification (Fig 3E, 3F, 3G and 3H)
are shown.

3.4. Axonal orientation and distribution

Two different growth patterns of axonal regeneration were seen within the channels of
scaffolds. Within the body of the scaffold most axons were oriented in parallel to the
longitudinal axis of the channel and thus appeared as discrete pinpoints of NF staining (Fig
4A). At the ends of the scaffolds axons appeared to be growing at more random angles to the
channel axis (Fig 4B). This latter pattern was found most commonly at the caudal interface,
suggesting that axonal orientation may have changed upon encountering scarring.

We also found that the NF-stained axons were either concentrated within the center of the
scaffold channels or dispersed in the peripheral parts of the scaffold channels, depending on
the polymer used. In OPF+ scaffolds, axons were densely centered in the channel core that
was clearly demarcated from circumferential, laminar tissue (Fig 4C). In the other polymer
groups (PLGA, PCLF and OPF) a more scattered distribution of regenerating axons was
observed (Fig 4D). The distribution differed with different polymer types. The percentages
of channels with a centralized pattern in each polymer group was for PLGA 4.75 + 2.7%, for
PCLF 9.46 £ 3.7%, for OPF 37.09 + 6% and for OPF+ 85.50 * 4.3% (Fig 4E). These
differences were highly significant (P < 0.0001) in percentages between OPF+ and PLGA (P
< 0.0001), OPF and PLGA (P < 0.0001), OPF+ and PCLF (P < 0.0001), OPF+ and OPF (P
< 0.0001), OPF+ and OPF (P < 0.0001) polymer groups. No significant difference was
identified between PLGA and PCLF polymer groups. Furthermore, a relationship existed
between the distribution pattern of axons and the number of regenerated axons per channel
per animal. A significantly higher number of regenerated axons was associated with the
centralized pattern compared to the dispersed pattern (P < 0.05) (Fig 4F).

3.5. Axonal count

NF staining was used to quantify axonal regeneration in each of the SC-loaded polymer
groups. Axons were found within distinct channels and also within pores of the
biodegradable scaffolds. The average number of axons per channel of the scaffold in
transverse sections selected from one quarter (1/4), one half (2/4), and three quarters (3/4)
levels through the scaffold for each animal was analyzed in this study. All of the polymers
supported axonal growth. OPF+, OPF and PCLF implants seeded with SCs showed more
axons than the implants of PLGA with SCs (Fig 5). OPF+ supported the highest number of
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regenerating axons. ANOVA analysis showed that significantly higher axon counting was
found in PCLF (P < 0.01) and OPF+ (P < 0.05) groups, compared to that of PLGA group.
Neutral OPF scaffolds transplanted with SCs also contained more axons than the PLGA
polymer implants although no statistically significant difference was demonstrated (P >
0.05) (Fig 5).

3.6. Glial Scar and cyst cavity formation

Image analysis of Gomori trichrome stained sections was used to identify the volumes of
scar tissue at the rostral and caudal spinal cord interfaces between the implanted scaffolds.
Volume of scar and cyst rostral and caudal to the implanted scaffold was measured and a
comparison was made between the polymer groups. No significant difference was found in
the scar volumes (both rostral and caudal) between the groups studied (Fig 6A) except for a
significantly smaller cyst volume in both the rostral and caudal interfaces in the PLGA
group, compared to PCLF group (P < 0.05) (Fig 6B). However, there were no differences
when both the scar and cyst volumes were combined together as a whole (Fig 6C).

3.7. Functional analysis/BBB Scores

Recovery of locomotor function was evaluated using the BBB rating scale [42]. Although
there were significant differences in the axonal counts in the groups described above, no
significant differences in BBB motor function testing were observed between animals in the
four different polymer groups after 2 and 4 weeks following scaffold implantation.
Furthermore there were no overall functional improvements noted over the course of the
experiment. The BBB scores for the 2 week time-point were 4.621 + 0.9181, 5.518 +
0.7054, 5.833 + 0.9717 and 3.761 + 0.928 for the PLGA, PCLF, OPF and OPF+ polymers,
respectively. The 4 week time-point scores were 4.524 + 1.066, 4.037 + 0.8195, 5.400 £
0.6528 and 4.144 * 0.8508 for the PLGA, PCLF, OPF and OPF+ polymers, respectively

(Fig 7).

Discussion

Axonal regeneration is fundamental for spinal cord repair and functional recovery after
spinal cord injury [13, 44-46]. The aim of this study was to use a model system to
quantitatively compare the regenerative capacity of four polymer types as implants within a
spinal cord transection model. Schwann cells have been consistently shown to be one of the
most effective therapeutic cell types in transplantation and regeneration after experimental
spinal cord injury [23-26, 47-50]. These cells reduce the size of spinal cysts, remyelinate
axons [13] and improve functional recovery in spinal cord injury [51-53]. They have also
been shown to produce a number of growth factors that initiate and support the growth of
axons, and that these cells express cell adhesion molecules on their surface for axon
guidance [54]. The polymers used here included PLGA [10, 11, 13, 14, 17], PCLF [34, 55],
OPF and OPF+ [12, 56]. We have shown improved regeneration capacity with schwann cell-
seeded PLGA scaffolds over scaffolds seeded with neuronal stem cells [14]. With regards to
OPF and schwann cell viability, tissue culture data also showed that the positively charged
hydrogel polymer supported both neuronal outgrowth from dorsal root ganglia explants,
improved schwann cell attachments and migration and contributed to neurite myelination
[12]. In the present study, significantly higher axonal counts were seen in PCLF and OPF+
groups compared to the PLGA groups as a control. PLGA scaffolds have been extensively
studied by our research group [11, 13, 14, 17] and were thus used as the benchmark to
compare novel polymers such as fumarate composites. The present study is the first to
demonstrate the enhanced capacity of OPF+ to support axonal regeneration in vivo when
combined with schwann cell delivery.
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A variety of biomaterials have been used for implantation into the injured cord in an attempt
to recover neurologic function [57-60]. However, few studies have shown a high degree of
polymer integration with the surrounding tissue [61-64]. The major difficulties were the
filling and holding of the injected cells in the lesion cavities [65]. These cavities or cysts
became an important physical obstacle for axonal regeneration, structural rebuilding and
functional recovery. Compared to PLGA, OPF, OPF+ and PCLF conduits showed better
interaction with the surrounding host tissue, filling the gap and building a bridge across
which axons were able to grow into the implants. They also exhibited smoother integration
into the host tissue, although we were not able to demonstrate a significant difference in scar
volumes compared to the PLGA group. To improve the integration of the implants, we have
been developing and modifying our surgical techniques to minimize the injury/trauma
induced by the transection/implant on the rat transection model. Such modifications have
included making smaller laminectomies, minimizing the incision through dura,
implementing quick and complete transection of the cord, rigid fixation and ensuring there is
a gap between spinal cord ends that accurately accommaodates the scaffold size. Other
techniques have included minimizing bleeding, suturing the muscle tightly in order to hold
and fix the implanted scaffold in good alignment with the rostral and caudal stumps [43].

Rapid progress in study of hydrogel chemistry has produced the materials more suitable for
the spinal cord in respect to their mechanical properties. Highly hydrated and soft polymers
have similar properties to spinal cord tissue [10]. Our results show that PLGA and PCLF
have higher flexural modulus compared to OPF and OPF+, indicating that they are more
resistant to bending. However, at the same loading condition, PCLF has a compression
modulus of 8.4 MPa, which is about 20 times higher than PLGA and 44 times higher than
fresh spinal cord. OPF and OPF+ contain a large amount of water that decreases both
flexural and compression modulus of these materials similar to fresh spinal cord tissue with
high porosity and large water content. In our experience, OPF polymers, charged and non-
charged, possess the best texture or physical properties compatible with normal spinal cord
tissues. PLGA is relatively rigid compared to the soft OPF and OPF+ hydrogels, while
PCLF has more flexibility in bending as compared to PLGA. Among the four polymers in
the present study, PCLF showed significantly higher compression modulus than other three
polymers (PLGA, OPF and OPF+) as well as the fresh spinal cord. This may explain why
the volume of cyst in the PCLF polymer group was significantly higher than the volume of
cyst in PLGA scaffolds. PCLF scaffolds may lead to more compressive damage of the blood
vessels and leave bigger volumes of cyst in the injured area of the transected cord.

Hydrogel scaffolds also have advantages in spinal cord regeneration with a three-
dimensional porous structure, their chemical and physical properties, and their diffusion
parameters. Biocompatibility also extends to the degree of inflammation the material may
cause in vivo. We have previously investigated the biocompatibility and biodegradation of
both OPF and OPF+ in a rat cage model [9] and did not observe any increased inflammatory
response compared to empty cage and PLGA control groups (unpublished data). These
materials can therefore provide a scaffold for ingrowth of neural tissue that will
subsequently degrade after regeneration. Gradients and surface charge modification for cell
adhesion can also be constructed on functionalized synthetic polymers [10]. The influence of
surface charge on cell growth has been investigated and it is now well known that many
types of cells adhere better to positively charged surface [66]. OPF+ polymers may have a
better attachment attribute in vivo so the implanted growth-promoting cells attach to the
channel walls. This may facilitate the newly regenerated axons infiltrating into the central
part of the channels by providing a contact guidance for the axonal regeneration and allow
nerve fibers to extend across the entire channels of the scaffold. In the present study, highest
percentage of the centralized infiltrating axons in the channels happened in the OPF+
polymer groups. Moreover, polymers with the centralized pattern showed significant higher

Biomaterials. Author manuscript; available in PMC 2012 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chen et al.

Page 10

number of regenerated axons compared to the dispersed pattern. Another recent study using
an in vivo hemisection model of spinal cord injury assessed the ingrowth of neuronal tissue
elements in hydrogels with different charges. Neurofilaments were similarly demonstrated to
infiltrate the central part of the hydrogels most plentifully in the copolymers with positive
charges [67].

In a previous study we developed a synthetic, positively charged hydrogel as a substrate for
nerve cell attachment and neurite outgrowth in cultures. Positively charged OPF improved
primary sensory rat neuron attachment and differentiation dose-dependently. Positively
charged hydrogels also helped to support attachment of dorsal root ganglion (DRG) explants
that contain sensory neurons and SCs. Taken together all these findings indicate that charged
OPF hydrogels are able to sustain both primary nerve cells and neural supporting cells that
are important for neural regeneration [12]. Others studied the injury and repair of transected
sciatic nerves in adult mice by charged guidance channels [68]. Significantly more
myelinated axons has been found in the nerves that regenerated in positively charged
channels compared to those in uncharged channels. Although the mechanism for the
biological effects of the positive electrical charge is not clear, a defined calcium
concentration may be important for optimal neurite outgrowth [69]. These data indicate that
the existence of positive charge on a cell attachment surface is a critical factor in the
subsequent behaviors of the cells that anchor on the surfaces. The positively charged OPF
hydrogels used in the present study represent a group of promising candidate scaffolds for
neural tissue engineering applications.

Spinal cord injury results in the formation of scars and cysts. In the acute phase of spinal
cord injury, hemorrhage occurs around the injured sites, leading to a disruption in oxygen
and nutrient supply to all cells and tissues in the injured area. The fluid-filled cysts caused
by the inflammatory response together with the vascular damage owing to the spinal cord
injury can thereafter form and expand progressively at the injured site, and subsequently
contribute to cell death and inhibition of axonal regeneration [70, 71]. Glial scar formation
occurs usually in the second phase of spinal cord injury. This scar has been well
demonstrated as another major inhibitory barrier to axonal regeneration after spinal cord
injury [70, 72, 73]. Biomaterial scaffolds with salt-leached porous poly (epsilon-
caprolactone) have been designed to compare different channel architecture and the
influence that the overall design may have in spinal cord transection. Wong and colleagues
[74] demonstrated that open-path designs permitted larger penetration of GFAP-labeled
neural tissues from both stumps and resulted in less scarring than the conventional implant
designs (no open-path designs). The open-path design, which is very similar to our
scaffolds, provided contact guidance and allowed nerve axons to extend across the entire
length of the implanted scaffolds [74]. Scaffolds with optimal designs may impede scarring
and subsequent cyst formation. PLGA scaffolds have been demonstrated to prevent scarring
and cyst formation in the animal models of SCI [63, 75]. In this study we also found a
smaller volume of cyst in PLGA polymer group than the PCLF polymer group. This would
be compatible with our previous observation that minimizing vascular damage reduces cyst
formation [76]. Thus scaffolds with mechanical properties most closely resembling the host
tissue produce better outcomes.

The scaffold could serve as a bridge to facilitate to guide the regenerating axons across the
injury site and to recover connections with the target of innervation to support functional
recovery [54]. Functional recovery was not seen in any of the animal groups at both 2 and 4
weeks, as assessed by the BBB locomotor scale. We hypothesized that a certain threshold
number of regenerated axon numbers would be required to exert a significant and detectable
functional recovery after the injury in this time frame. Clearly, not all the counted axons
reach and connect to target neurons correctly and functionally, and indeed we observed
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variablility in the direction of axonal growth that was dependent upon the polymer type. It is
also probable that a four week time frame is insuffient to observe functional recovery
following complete transection. It is unlikely that regenerated axons have been able to arrive
at the correct destination and estalish functional connections. We recently demonstrated by
axon tracing studies that regenerated axons through schwann cell loaded PLGA scaffold
extended for up to 15 mm beyond the scaffold into the distal cord. However, even after 2
months functional improvement was not observed [13]. Nevertheless, the negative results in
functional assssment are also consistent with our previous studies [14]. Future studies will
be designed to explore approaches to enhance connectivity using optimized scaffolds for
time-released delivery of therapeutic agents.

Conclusions

Our study directly compared four polymer scaffold types each loaded with schwann cells.
All of the studied polymers (PLGA, PCLF, OPF and OPF+) supported axonal growth from
the injured spinal cord neurons. OPF+ and PCLF had excellent capacity for supporting
regeneration of axons into the scaffolds. OPF+ polymer uniquely exhibited axonal
regeneration with centralized pattern that resulted in a concentrated number of regenerated
axons in the channels of scaffolds. Overall this pattern was strongly associated with
increased numbers of regenerated axons regardless of the polymer type. Since this pattern
was most commonly seen with OPF+, this polymer may represent a good choice of material
with which to further study spinal cord repair. We are optimizing conditions for axonal
growth in the spinal cord in terms of cells and external cell milieu factors. A much longer
period of observation will be required to study functional improvement in spinal cord injury
animals in future study. Our data may provide a basis for future strategies toward spinal cord
repair in patients. The model will provide a quantitative basis for evaluating individual and
combined therapeutic strategies.
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Figure 1.
Mechanical property of polymers and fresh spinal cord. (A) 3-point bending test; (B)
Compression modulus test. *Significantly different as compared to spinal cord (P < 0.0001).
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Figure 2.

Transverse view of scaffold made from PLGA (A), PCLF (B), OPF (C), and OPF+ (D)
polymers under the surgical microscope showing 7 channels.

Macroscopic view of scaffold made from PLGA (E), PCLF (F), OPF (G), and OPF+ (H)
polymers implanted and interacted with the cord tissues.
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PLGA PCLF OPF OPF+

Figure 3.

NF-stained axons regenerated into the channels of scaffolds loaded with schwann cells 1
month after cord transection in rats.

Transverse section view of scaffold made from PLGA (A, 2/4 level), PCLF (B, 1/4 level),
OPF (C, 3/4 level), and OPF+ (D, 3/4 level) polymers under microscope in lower
magnification showing 7 channels. Transverse section view of scaffold made from PLGA
(E, 1/4 level), PCLF (F, 1/4 level), OPF (G, 3/4 level), and OPF+ (H, 3/4 level) polymers
under microscope in higher magnification showing a single channel.
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Figure 4.

Different patterns of axonal regeneration in the channels of implanted polymer scaffolds.
(A): Well oriented axons regenerated in the channel at 2/4 level of an OPF+ polymer
scaffold showing as round dots; (B): Poorly oriented axons regenerated in the channel at 3/4
level of an OPF+ polymer scaffold showing as rods; (C): Centralized pattern of axonal
regeneration in the channel from an OPF+ polymer group; (D): Dispersed pattern of axonal
regeneration in the channel from a PCLF polymer group; (E): The percentages of channels
with centralized infiltrating pattern in each polymer group; (F): The averaged number of
axons per channel per animal in different patterns of axonal regeneration (centralized vs.
dispersed). There is a significant increase in the number of channels with the centralized
pattern in OPF+ scaffolds (P < 0.0001) and a significantly increased number of axons
associated with the central distribution (P = 0.0268).
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Figure 5.

Counted numbers of axons regenerated into different polymer scaffolds.

The averaged number of axon fibers was graphically shown per channel in the 15t(1/4), 2nd
(2/4), 34 (3/4) quarter and the whole length through the entire scaffold per animal after 1
month after transection of the spinal cord. Error bars represented the standard error of the
mean. * 0.05 > P >0.01; ** 0.01 > P > 0.001
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Figure 6.

Graphic representation of the scar and cyst formation in different polymer groups.

(A): The volume of scar of the interface both rostral and caudal to the implanted scaffold;
(B): The volume of cyst of the interface both rostral and caudal to the implanted scaffold;
(C): The volume of combined scar and cyst both rostral and caudal to the implanted
scaffold. These were assessed by the Trichrome staining of collagen fibers in the rostral
interface, caudal interface and a combination of both in the transversely sectioned spinal
cord. Error bar represent standard error of the mean. * P < 0.05.
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Figure 7.

Functional assessment in different polymer groups after 1 month transection. BBB scores
were measured and graphically represented in different polymer groups at 2-week and 4-
week intervals after 1 month transection. Error bar represent standard error of the mean.
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Scheme 1.

Chemical structure of oligo (polyethylene glycol) fumarate (OPF), Poly (caprolactone
fumarate) (PCLF) and OPF+. The OPF (A), composed of repeating PEG and fumarate
chains, was crosslinked with [2-(methacryloyloxy) ethyl]-trimethylammonium chloride
(MAETAC) (B) in the presence of the photoinitiator Irgacure 2959 and ultraviolet light to
form positively charged hydrogels (OPF+).
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