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A B S T R A C T

It was previously reported that a tube holding chitosan carriers loaded with neurotrophin-3 (NT-3), after in-
sertion into a 5mm long transection gap in the adult rat spinal cord, triggered de novo neural tissue generation
and functional recovery. Here, we report an effort to validate these findings using stringent blinding meth-
odologies, which are crucial for robustness in reproducing biomedical studies. Radio frequency identification
(RFID) chips were utilized to label rats that were randomly assigned into three experimental groups: transection
with chitosan-NT-3 implant (C-NT3), transection only (T-controls), and laminectomy only (S-controls), blinding
the experimenters to the treatments. Three months after surgery, animals only known by their RFID were
functionally, electrophysiologically, and anatomically assessed. The data were then collected into the proper
groups and statistically analyzed. Neural tissue with nestin-, Tuj1-, and NeuN-positive cells was found bridging
the transection gap in C-NT3 rats, but not in T-controls. Motor- and somatosensory-evoked potentials were
detected in C-NT3 rats and S-controls, but not in T-controls. Hind limb movement was significantly better in C-
NT3 rats compared with T-controls. Our validation study indicates that C-NT3 implants facilitate neural tissue
generation, at least in part, by eliciting endogenous neurogenesis. Our data support the use of C-NT3 implants for
tissue remodeling in the injured spinal cord.

1. Introduction

Spinal cord injury (SCI) causes immediate and progressive loss of
nervous tissue associated with impaired function (Hagg and Oudega,
2006). Engendering tissue modeling may provide a scaffold for anato-
mical repair (Chen, 2014). A potentially effective approach to form new
tissue in the damaged spinal cord is to harness neurogenesis from the
endogenous pool of neural progenitor cells (NPCs; Gage, 2000; Luo
et al., 2015). The spinal cord contains NPCs (Alonso, 1999) and their

number increases after injury (Yamamoto et al., 2001; Barnabé-Heider
et al., 2010). NPCs may migrate and differentiate into neural cells
(Barnabé-Heider et al., 2010), a process which is governed by the local
microenvironment (Luo et al., 2015). Neurotrophin-3 (NT-3) is im-
portant in NPC recruitment and differentiation into neurons (Li et al.,
2009a,b; Yang et al., 2010).

Yang et al. (2015) showed the presence of newly generated neural
tissue in a tubular chitosan scaffold filled with NT-3-releasing chitosan
carriers (i.e., C-NT3 implant) after implantation into the complete
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transected adult rat spinal cord. With this particular repair strategy,
overground walking gradually improved during the 52week survival
period (Yang et al., 2015). It was concluded that the NT-3-releasing
chitosan implant may have significant clinical potential for repairing
the spinal cord in people with severe SCI.

The general consensus is that basic and translational biomedical
research suffers from a lack in robustness with low success rates in
replication studies reported in different scientific areas (Prinz et al.,
2011; Begley and Ellis, 2012), including SCI and repair (Steward et al.,
2012). Several factors may contribute to this critical problem (Landis
et al., 2012), including deficiency in blinding of investigators to treat-
ments (Button et al., 2013; Lazic and Essioux, 2013; Weller, 2018).
Preferably, before new promising treatments are tested clinically, the
original animal study should be replicated in a stringently blinded study
(Kwon et al., 2013). Many factors make such studies difficult or even
impossible to complete (Landis et al., 2012; Steward et al., 2012;
Callahan et al., 2017). Funding agencies rarely fund replication studies.
Institutions are concerned about protecting intellectual property and
can restrict transfer of reagents, devices, and even procedures and data.
The investigators who do the replication study may encounter difficulty
publishing and often get little credit for their work. Finally, research at
different institutions and especially in countries with different reg-
ulatory environments can prevent strict replications.

The authors of the present work were motivated to validate the
findings described in Yang et al. (2015) using an international team of
SCI researchers to investigate tissue formation, neurogenesis, electro-
physiology, and hind limb function at 3months after acute implanta-
tion of a C-NT3 implant in the complete transected spinal cord of adult
rats employing a rigorous blinding strategy. Our findings suggest that
the chitosan-based NT-3-releasing implant elicits endogenous neuro-
genesis and support its potential for tissue modeling in the injured adult
spinal cord.

2. Material and methods

2.1. Animals

This study used adult female Wistar rats (SPF, 250–300 g; n=19).
Only female rats were used to reproduce the experimental conditions in
Yang et al. (2015), which we aimed to validate in the present study.
Personnel at the Capital Medical University of Beijing performed all
animal-related procedures, acquired blindly all data, and maintained all
data records and storage. Investigators from the Miami Project to Cure
Paralysis randomized the animals, thereby blinding the surgeons and
other investigators to the treatments, and observed all surgeries. Ani-
mals were housed in groups. All surgeries and other experimental
procedures were in compliance with the standards of the Experimental
Animal Center of Capital Medical University and the Beijing Experi-
mental Animal Federation.

2.2. Preparation of the NT-3-chitosan implant

The chitosan tubes and NT-3-loaded chitosan carriers were fabri-
cated under sterile conditions as previously described (Li et al.,
2009a,b; Yang et al., 2010, 2015). After fabrication, the tubes were
sterilized using 75% (vol/vol) alcohol and then washed with phosphate-
buffered saline (PBS; 0.1M, pH 7.4). Prior to implantation, 10mg of
chitosan carriers loaded with 100 ng NT-3 (Sigma-Aldrich) was injected
into the middle of the tubes to obtain the C-NT3 implant.

2.3. Blinding the experimenters

The rats received a radio frequency identification (RFID) chip
(Microchip ID Systems) prior to surgery by personnel from the Miami
Project to Cure Paralysis. The treatments associated with the electronic
ID of the rats remained concealed at the Miami Project to Cure Paralysis

at the University of Miami during the entire survival period, behavioral
assessments, electrophysiological measurements, and tissue processing.

2.4. Spinal cord transection and implantation

Rats were anesthetized using intraperitoneal injections of
Equithesin (6.5 mg chloral hydrate and 3mg sodium pentobarbital,
3 ml/kg; Sigma-Aldrich) and their back was shaved and aseptically
prepared. A laminectomy of the 6th and 7th thoracic vertebrae was
performed to expose the 7th and 8th thoracic spinal cord. A 5mm long
spinal cord segment was removed followed by complete aspiration of
any residual tissue in the transection gap. Extra care was taken to re-
move all residual nervous tissue from the transection gap. Immediately
after the lesion, rats received a chitosan tube filled with NT-3-loaded
chitosan carriers (C-NT3; n=7) or no implant (transection (T)-control;
n=6). The surgeons were unaware of the specific treatment for a given
animal until the transection injury was completed. Other rats received a
laminectomy of the 6th and 7th thoracic vertebrae but no transection
(sham (S)-control; n=6). After suturing the back muscles and the skin
and disinfecting their backs, the rats recovered from anesthesia in a
warmed environment after which they were returned to their cages.
One rat died during the surgical procedures.

2.5. Post-surgery care and maintenance

Due to the strict blinding procedures, rats from different experi-
mental groups were housed together, i.e., S-control rats were housed
together with T-controls and/or C-NT3 rats. All rats received an in-
traperitoneal injection of penicillin (100,000 units) daily for 7 days
post-surgery to prevent infections. Rats received subcutaneous injec-
tions of 20ml of lactated Ringers' solution daily for 7 days to prevent
dehydration. The bladders of the rats were emptied manually 3–4 times
daily. Throughout survival, rats were monitored twice daily. Food and
water were provided ad libitum. The post-surgery housing facility for
the rats remained at 24–26 °C under 35–45% relative humidity and
with a 12 h light/dark cycle. In total, 19 rats survived and were used for
the experiment (Supplementary Table).

2.6. BrdU administration

To label proliferating cells, the rats received an intraperitoneal in-
jection of 5-bromo-2-deoxyuridine (BrdU; 50mg/kg in 0.9% NaCl;
Sigma-Aldrich) once every 12 h for 7 days starting after surgery.

2.7. Hind limb motor function assessment

Hind limb movement of the rats (n=19) was assessed at the end of
the 3-month survival period using the Basso, Beattie and Bresnahan test
(BBB; Basso et al., 1995, 1996). The assessments were recorded. Two
groups of personnel at The Miami Project to Cure Paralysis and one
group at Capital Medical University independently analyzed the video
recordings of the hind limb movement assessments. There were no
significant differences between the scores of the three groups.

2.8. Electrophysiological assessments

Rats (n=19) were anesthetized using an intramuscular injection of
ketamine (20mg/kg body weight) and 6% chloral hydrate (0.2 ml/
100 g) at 3-months post-surgery after the BBB test. Their hind limbs
were gently fixed to a board with soft cloth loops. The room tempera-
ture was kept at 25–28 °C. The dual-channel mode of an electro-
myogram (Dantech) was used to detect motor-evoked potentials (MEPs)
and somatosensory-evoked potentials (SEPs). For MEPs, the positive
stimulating electrode (2mm spherical) was placed on the skull surface
at the midline of the cerebral cortex (A/P: −2.5mm, ML: 2mm, from
Bregma), while the negative stimulating electrode (4mm disk) was
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placed on the nose above the hard palate skull surface (identical to
Fig. 1D in Luo et al., 2018). Recording electrodes were placed in the
tibialis anterior muscle in both hind limbs. The reference electrode was
placed 2 cm from the distal end of the recording electrode. The ground
wire was placed between the stimulating electrode and the recording
electrode. A single square wave (10–15mA, 0.2 s) at 1 Hz frequency
(filter: 2–10 kHz; amplifier: 0.1 mV/D) was used to stimulate the motor
area of the cerebral cortex and MEPs in both tibialis anterior muscles
were recorded. We measured the time and amplitude from the negative
peak to the adjacent positive peak as well as the distance between the
stimulation and recording electrode. The MEPs were presented and
statistically analyzed separately for the left and right limbs.

For SEPs, the positive stimulation electrodes were inserted into the
tibialis anterior muscles in both hind limbs. Sustained 200 pulses
(3–5mA, 0.3 msec) at 20 Hz-3 kHz frequency (scan length: 80 msec,
amplifier: 10 V/D) were given. With this approach, slight moving of the
hind limb toes was observed. SEPs were recorded on the skull surface of
the cerebral cortex sensory area, including P1 and P1-N1. The distance
between the stimulating and recording electrodes was measured. The
SEPs were presented and statistically analyzed separately for the left
and right cortex.

2.9. Histology and immunocytochemistry

Rats were sedated as described above and transcardially perfused
with 250ml PBS (0.1M, pH 7.4) followed by 400ml 4% paraf-
ormaldehyde in PBS (0.1M, pH 7.4). The spinal cord was removed from
the vertebral column, kept in the same fixative for 6–8 h at 4 °C.
Pictures of the transection/implant were taken using a dissecting mi-
croscope fitted with a camera. Then, a 1 cm long piece of the spinal cord
centered on the transection/implant was embedded in paraffin and cut
into 10 μm thick horizontal sections.

From 5 randomly selected rats from the T-control group and the C-
NT3 group and 2 rats from the S-control group, sections were dewaxed,
rehydrated, washed three times with 0.01M PBS (pH 7.4), and in-
cubated in a blocking solution (0.3% Triton X-100 with 10% normal

goat serum) for 60min at room temperature followed by the primary
antibody for 60 h at 4 °C. We used primary rabbit polyclonal antibodies
against nestin (1:100; Abcam ab93157) to recognize nestin-positive
cells, βIII-tubulin (Tuj1, 1:400; Sigma T2200) to recognize immature
neuron-like cells, NeuN (1:500; Abcam ab177487) to recognize mature
neuron-like cells, and glial fibrillary acidic protein (GFAP, 1:300;
Zymed) to detect astrocyte-like cells. We used mouse monoclonal an-
tibodies to detect 5-bromo-2 -deoxyuridine (BrdU, 1:200; ZSGB
Biotechnology ZM-0013) in cells that proliferated and neurofilament
200 kDa (NF-H, 1:200; Zymed ZM-0198) in axon-like processes.
Sections stained for BrdU were first denatured with 2 N HCl at 37 °C for
30min and then renatured with 0.1 M sodium tetraborate (pH 8.4) at
37 °C for 10min. After incubation with the primary antibody, sections
were washed three times in 0.01M PBS (pH 7.4) and then incubated at
room temperature for 1 h with fluorescein-conjugated secondary anti-
bodies (1:300; Jackson Laboratory). Primary and secondary antibodies
were diluted in 0.01M PBS (pH 7.4). Finally, the sections were rinsed
three times in 0.01M PBS (pH 7.4) and covered with glass slips in anti-
fading medium with DAPI (Vector Laboratories). All stained sections
were scanned using a confocal microscope (TCS SP8, Leica, Germany).
BrdU-positive cell was examined at full magnification using the Z-axis.

2.10. Statistical analysis

One-way ANOVA and Tukey post hoc test were used to statistically
analyze group differences for MEPs and SEPs. The overground walking
scores were statistically tested using the non-parametric Kruskal–Wallis
H or Mann-Whitney U test (Prism 6.0 h). Differences were considered
significant at P < .05.

3. Results

The original paper by Yang et al. (2015) investigated a number of
different treatment conditions, where the C-NT3 implant was found to
trigger neural tissue generation in the damaged spinal cord. At the 3-
month time point, neural cells and axons were present in the tissue

Fig. 1. Schematic of the study design and blinding strategy. The responsibilities of the team of researchers from The Miami Project are in yellow, those from Beihang
University in green, and those from Capital Medical University in Beijing in purple and Tongji Hospital in blue. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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bridge of C-NT3 treated animals in concert with electrophysiological
signals and improvements in hind limb function (Yang et al., 2015). For
the present validation study, we focused on those outcome measures in
three key conditions: C-NT3, T-controls, and S-controls. We first present
our anatomical results, followed by the data on behavior and electro-
physiology, which may have been affected by changes in anatomy. The
blinding strategy, the responsibility of the Miami Project to Cure Pa-
ralysis sub-group, and the design of this validation study are illustrated
in Fig. 1.

3.1. A cellular tissue cable bridged the spinal cord transection gap

The dissected spinal cords were examined morphologically under a
dissection microscope. In C-NT3 rats, a newly formed tissue cable was
present spanning the entire 5-mm long transection gap connecting the
rostral and the caudal spinal cord (Fig. 2A, B). The tissue cable had a
smooth exterior with a yellow opaque appearance and with some
visible chitosan carriers (Fig. 2C, D). In all but one rat, the width of the
tissue cable was uniform across the transection gap with a diameter that
varied 20–80% of the spinal cord. Some tissue cables contained cavities,
which in some cases were also present in the rostral and caudal spinal
cord nearby the tissue cable interface.

In T-control rats, tissue was present in the transection gap (Fig. 2E,
F). This tissue had a rough appearance (Fig. 2F, G) with varying dia-
meters compared with the cables in C-NT3 rats. In most cases, the
diameter of the tissue appeared larger than that of the spinal cord
(Fig. 2G). Many (DAPI-positive) cells were found in the tissue in the
transection gap in T-control rats (Fig. 2H) compared with C-NT3 rats
(Fig. 2D). This possibly reflects an influx of cells into the initially ‘open’
transection gap in T-control rats. More in depth analysis is necessary to
determine the characteristics of these cells. Some of the tissue in T-
control rats contained cavities (Fig. 2H) which were also present in the

rostral and caudal spinal cord (Fig. 2H).

3.2. Nestin-, Tuj1-, and NeuN-positive cells were present in the C-NT3 tissue
cable

We examined the tissue cables for the presence of nestin-positive
cells using anti-nestin antibodies. DAPI was used to recognize nuclei
and anti-BrdU antibodies to stain nuclei of cells that proliferated during
the time of labeling. Nestin-positive cells were present in the interface
of the C-NT3 tissue cable with the caudal and rostral (Fig. 3A-C) spinal
cord in all animals examined. These regions also contained BrdU-po-
sitive nuclei (Fig. 3A-C) and nestin-/BrdU-double positive cells (Fig. 3D-
F). The middle region of the tissue cable contained nestin-positive cells
and BrdU-positive nuclei (Fig. 3G, H), but not nestin-/BrdU- double
positive cells (Fig. 3I-K). We found ample nestin staining in both the
rostral and caudal spinal cord near the interface with the tissue cable,
especially around the central canal and in the white matter (Fig. 3A).

In T-control rats, BrdU-positive nuclei, but not nestin-positive cells,
were observed throughout the tissue cable (Fig. 3L-N). In these rats,
some nestin immunostaining was found around the central canal and in
the white matter of the spinal cord rostral and caudal to the lesion
(Fig. 3L). Our data support the possibility that nestin-positive cells,
derived from the endogenous pool of NPCs, migrated from the spinal
cord rostral and caudal to the lesion into the tissue cable in the C-NT3
implant.

The presence of neuron-like cells in the tissue cables was examined
using antibodies against Tuj1 (Fig. 4) and NeuN (Fig. 5). DAPI was used
to stain nuclei and antibodies against BrdU to stain the nucleus of cells
that proliferated during the time of BrdU labeling. In C-NT3 rats, Tuj1-
positive cells and BrdU-positive nuclei were observed in the interfaces
of the tissue cable with the caudal and rostral (Fig. 4A-C) spinal cord.
Tuj1-/BrdU-double positive cells were also found in these regions

Fig. 2. Gross morphology of the tissue cable in the transection gap. In C-NT3 rats, a tissue cable was found spanning the transection gap (A). The cable had a smooth
exterior (B, C), good apposition with the rostral and caudal spinal cord (C), and a diameter that was about 80% of that of the spinal cord (B, C). Chitosan carriers
(asterisks) were visible in vivo (C) and in tissue sections (D). In T-control rats, a tissue cable was also present in the transection gap (E, F). This cable had a rough
appearance (F, G) and a diameter that was larger than that of the spinal cord (G). Cavities were present in the tissue cable (H) as well as in the rostral and caudal
spinal cord (number sign). Nestin immunoreactivity is present in the C-NT3 tissue cable (D) but not in the T-control (H).
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(Fig. 4D-F). Similarly, Tuj1-positive cells (Fig. 4L, M), BrdU-positive
nuclei (Fig. 4G, H), and Tuj1-/BrdU-double positive cells (Fig. 4I-K)
were found in regions closer to the middle of the tissue cable. Tuj1
immunostaining was found in the gray and white matter in the spinal
cord rostral and caudal to the tissue cable (Fig. 4A). In T-control rats,
Tuj1-positive cells were not detected in the tissue cables in the trans-
ection gap (Fig. 4L-N). Tuj1-positive cells were detected in the spinal
cord rostral and caudal to the tissue cable (Fig. 4L). These staining
patterns were indicative of neurogenesis occurring after implantation of
the C-NT3 implant and resulting in the presence of Tuj1-positive, Tuj1/
BrdU double positive newborn neurons (or neuron-like cells) in the
tissue cable.

NeuN-positive cells and BrdU-positive nuclei were detected in the
caudal and rostral (Fig. 5A-C) region of the tissue cable. NeuN-/BrdU-
double positive cells were also found in these regions (Fig. 5D-F). In the
middle of the tissue cable, NeuN-positive cells (Fig. 5G, H), BrdU-po-
sitive nuclei (Fig. 5G, H), and NeuN-/BrdU-double positive cells
(Fig. 5I-K) were detected. In the rostral and caudal spinal cord near the
interfaces with the tissue cable, ample NeuN immunostaining was
found in the gray matter (Fig. 5A). In T-control rats, NeuN expression

was not detected in the tissue cable in the transection gap (Fig. 5L-N).
BrdU-positive nuclei were found in this newly formed tissue (Fig. 5M,
N). NeuN immunostaining was found in the gray matter in the rostral
and caudal spinal cord (Fig. 5L). These data suggested that some cells
had migrated from the spinal cord into the tissue cable in the C-NT3
implant and differentiated into NeuN-positive and/or NeuN-/BrdU-
double positive newborn neurons (or neuron-like cells).

3.3. NF- and GFAP-positive processes were present in the tissue cable in C-
NT3 implanted rats

We examined the tissue cables after staining with antibodies di-
rected against NF and GFAP. DAPI was used to stain nuclei. In rats with
the C-NT3 implant, NF-positive processes were present in the caudal
and rostral (Fig. 6A-C) aspect of the tissue cable near the interface with
the spinal cord. These NF-positive profiles were often associated with
GFAP-positive processes (Fig. 6C-E). Centrally in the tissue cable, we
detected NF-positive processes (Fig. 6F, G) but not GFAP-positive pro-
cesses (Fig. 6H, I). In the rostral and caudal spinal cord, adjacent to the
tissue cable, abundant NF and GFAP immunostaining was observed

Fig. 3. Cells expressing nestin were present in the tissue cable in C-NT3 rats but not T-control rats. In C-NT3 rats, sections stained with antibodies against nestin and BrdU
and counterstained with DAPI revealed the presence of nestin-positive cells in the interface of the tissue cable and the rostral spinal cord (A, white box). The area in
the white box in A is magnified in panel B and the area in the white box in B is magnified in panel C. Some of the nestin-positive cells (D) had BrdU expressed within
their nucleus (E). An example of a nestin/BrdU double expressing cell is depicted in panel F. Note that panels D–F depict the same cell. Nestin- and nestin/BrdU-
positive cells were also present in the interface of the tissue cable and the caudal host spinal cord (not shown). Areas more towards the middle of the tissue cable
contained cells with a BrdU-positive nucleus (A, red box) which are depicted in higher magnification in panel G (magnification of red box in panel A) and H
(magnification of red box in panel G). The cells in panels I, J, and K (magnification of red box in panel H) did not necessarily stain positive for nestin (I) but clearly
contained BrdU in their nucleus (J). An example of a nestin-negative/BrdU-positive cell is depicted in panel K. Note that panels I–K depict the same cell. Nestin was
expressed in the rostral and caudal spinal cord near the interface with the tissue cable (A). In the tissue cable in T-control rats, cells with a BrdU-positive nucleus were
present but no cells that expressed nestin (L). The area in the white box in L is magnified in panel M and the area in the white box in M is magnified in panel N. Some
nestin expression was observed in the rostral and caudal host spinal cord near the interface with the tissue cable. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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(Fig. 6A). In T-control rats, few NF-positive processes were found near
the interface of the tissue cable and the caudal and rostral (Fig. 6J-L)
spinal cord. Some GFAP-positive processes were also found in these
regions (Fig. 6M, N). In regions closer to the middle of the tissue cable,
neither NF-positive (Fig. 6O, P) nor GFAP-positive processes (Fig. 6Q,
R) were observed. These results indicated that NF-positive, axon-like
processes and GFAP-positive, astrocyte-like processes had grown into
the tissue cable that had generated in the C-NT3 implant.

3.4. Overground walking performance

Hind limb movement was assessed using the BBB test (Basso et al.,
1995, 1996). The BBB scores of the left and right limb were mostly
similar (Fig. 7A) and therefore averaged to assign one score per rat
(Fig. 7B). The BBB score of the C-NT3 group was 2.0 ± 2.3 (mean ±
SD; Fig. 7B), indicating extensive movement of one joint or extensive
movement of one joint and slight movement of one other joint. In this
group, 1/7 rats was flaccid; 3/7 rats showed slight movement of a joint
in one or both hind limbs; 1/7 rats had slight movements of all three
joints in both hind limbs; 1/7 rats showed slight movements of 2 joints
and extensive movement of the third joint in one hind limb, while the
other limb was flaccid; 1/7 rats had extensive movement of one joint

and slight movement in the two other joints in one hind limb, while the
other limb showed extensive in two joints and slight movement in the
third joint. The non-responder in this group had a large cavity in the
rostral spinal cord near the interface with the tissue cable, which was
rather thin especially at the caudal aspect (See Supplementary Figure).
The BBB score of the T-control group was 0.1 ± 0.3 (mean ± SD;
Fig. 7B), indicating flaccid hind limbs. In this group, 1/6 rats had slight
movement of one joint. The BBB score for the S-control group was
20.8 ± 0.9 (mean ± SD; Fig. 7B), indicating normal walking behavior
with consistent plantar stepping and coordinated gait, consistent toe
clearance, predominant parallel paw positioning throughout stance,
consistent trunk stability, and tail consistently up. In 1/6 rats we found
that the predominant paw positioning was parallel at the initial contact
and rotated at lift off. Statistical evaluation showed that the BBB score
of the C-NT3 group was significantly larger than that of the T-control
group (p < .05; Fig. 7B). The Beijing Capital Medical University group
also performed BBB scoring on the behavioral videos (Supplementary
Table). The results from independent scoring from the two institutions
were slightly variable but in general agreement with each other.

Fig. 4. Tuj1-positive cells were present in the tissue cable in C-NT3 but not T-control rats. In C-NT3 rats, sections stained for Tuj1 and BrdU and counterstained with DAPI
revealed that Tuj1-positive cells were present in the interface of the tissue cable and the rostral spinal cord (A, white box). These cells are shown in higher
magnification in panel B (magnification of area in white box in A) and panel C (magnification of area in white box in B). Some of the Tuj1-positive cells (D) had a
BrdU-positive nucleus (E). An example of such Tuj1/BrdU-positive cells is provided in panel F. Note that panels D-F depict the same cell. Tuj1-positive cells were also
present in the interface of the tissue cable and the caudal spinal cord (not shown). Areas towards the middle of the tissue cable contained Tuj1-positive cells (A, blue
box). A closer view of these cells is provided in panel G (magnification of area in blue box in A) and in panel H (magnification of area in blue box in G). Tuj1-positive
cells (I) often had a BrdU-positive nucleus (J). An example of a Tuj1/BrdU-positive cells is shown in panel K. Note that panels I–K depict the same cell. Tuj1 staining
was present in white and gray matter in the rostral and caudal spinal cord near the interface with the tissue cable (A). In T-control rats, the tissue cable contained cells
with a BrdU-positive nucleus but no cells that expressed Tuj1 (L). A closer view of these cells is provided in panel M (magnification of area in white box in L) and in
panel N (magnification of area in white box in M). In T-control rats, Tuj1 staining was found in the rostral and caudal spinal cord near the interface with the tissue
cable (L). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.5. Electrophysiological measurements

Motor-evoked potentials (MEPs) were elicited in the tibialis anterior
muscles of the left and right hind limbs after stimulation of the con-
tralateral sensorimotor cortices and latencies and amplitudes were de-
termined (Fig. 8A). Examples of raw data of rats representing the three
experimental groups are provided (Fig. 8B); there were no asymmetries
observed. MEPs were recorded from tibialis anterior muscles in C-NT3
rats but not in T-control rats. The amplitudes of C-NT3 MEPs were
significantly smaller than those in S-control rats in both left (p= .07)
and right (p= .014) hind limb (Fig. 8C). The latencies of the MEPs in C-
NT3 rats were not different from those recorded in S-control rats in the
left hind limb (p= .2), but significantly longer in the right hind limb
(p= .001; Fig. 8D).

Somatosensory-evoked potentials (SEPs) were elicited in the left and
right sensorimotor cortices after stimulation of the contralateral tibialis
anterior muscles and latencies and amplitudes were measured (Fig. 8A).
Examples of raw data of animals representing the three experimental
groups are provided (Fig. 8E). There were no asymmetries observed in
the recorded data. SEPs were recorded from the sensorimotor cortices

of C-NT3 rats but not detected in T-control rats. The amplitudes of C-
NT3 SEPs were significantly smaller than those recorded in S-control
rats from the left cortex (p < .001) but not the right cortex (p= .16;
Fig. 8F). The latencies of the SEPs in C-NT3 rats were not different from
those recorded in S-control rats from either the left or right cortex
(p > .7; Fig. 8G).

4. Discussion

Generating new neural tissue in the damaged spinal cord may
provide a foundation for repair and recovery (Chen, 2014). It was
previously shown that implantation of a chitosan tube holding chitosan
carriers releasing NT-3 (C-NT3 implant) into complete transected adult
rat spinal cords resulted in anatomical repair and functional recovery
(Yang et al., 2015). Here, we aimed to validate the results from Yang
and colleagues using three important treatment groups at the 3-month
time point by comparing anatomical, electrophysiological, and beha-
vioral outcomes in rats after complete transection. In C-NT3 rats, a
tissue cable was present in the transection gap containing neuron-like
cells and axon- and astrocyte-like processes at 3-months after surgery

Fig. 5. Cells expressing NeuN were present in the tissue cable in C-NT3 but not T-control rats. In C-NT3 rats, sections stained for NeuN and BrdU and counterstained with
DAPI revealed the presence of NeuN-positive cells in the interface of the tissue cable and the rostral spinal cord (A, white box). A magnification of the area in the
white box in panel A is shown in panel B and a magnification of the area in the white box in panel B in panel C. Some NeuN-positive cells (D) had a BrdU-positive
nucleus (E). An example of a NeuN/BrdU-positive cell is shown in panel F. Note that panels D-F depict the same cell. NeuN- and NeuN/BrdU-positive cells were also
present in the interface of the tissue cable and the caudal spinal cord (not shown). Areas in the middle of the tissue cable contained NeuN/BrdU-positive cells (A, blue
box). Panel G provides a magnification of the area in the red box in A and panel H provides a magnification of the area in the red box in G. The NeuN-positive cells (I)
often had a BrdU-positive nucleus (J). An example of a NeuN/BrdU-positive cell is shown in panel K. Note that panels I–K depict the same cell. NeuN staining was
present in gray matter in the rostral and caudal spinal cord (A). In T-control rats, the tissue cable contained cells with a BrdU-positive nucleus but no cells expressing
NeuN (L). The area in the white box in L is magnified in panel M and the boxed area in M is magnified in panel N. In T-control rats, NeuN staining was found in the
gray matter in the rostral and caudal host spinal cord (L). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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and implantation. In C-NT3 rats, MEPs in the tibialis anterior and SEPs
in the motor cortex were recorded after stimulation of the motor cortex
and tibialis anterior, respectively. Hind limb movement was improved
in C-NT3 rats compared with transection only rats (T-controls). Our
data indicated that the chitosan-based NT-3-releasing implant elicits
endogenous neurogenesis. Moreover, we validated the potential of this
particular implant for tissue generation in the injured spinal cord.

The tissue cable that formed in the C-NT3 rats, but not T-controls,
contained nestin-, Tuj1-, and NeuN-positive cells. Cells positive for
nestin, a marker for NPCs (Dahlstrand et al., 1995), were found at the
rostral and caudal ends of the new tissue cable and some co-localized
with BrdU. These findings support the possibility that newly born NPCs
had migrated into the tissue generated in the C-NT3 implant from both
the rostral and caudal direction. Cells positive for Tuj1, a marker for
immature neuron-like cells (Thomas et al., 1996), or NeuN, a marker for
mature neuron-like cells (Mullen et al., 1992), were present throughout
the tissue cable. The presence of Tuj1- and NeuN-positive cells, but not
nestin-positive cells, in the middle of the tissue cable may reflect that
differentiation into neurons takes place during migration further into
the tissue cable. Overall, our data suggest the occurrence of neuro-
genesis in C-NT3 rats with the resulting cells becoming part of the cy-
toarchitecture of the newly modeled tissue.

In rats with and without the C-NT3 implant, cavities were found in
the tissue spanning the transection gap. The tissue cable in the T-control
rats had more and larger cavities compared with those in the C-NT3
rats. Typically, cavities can be found in the newly generated tissue,
transplanted tissue, and in the spinal cord close to the injury site (Hagg
and Oudega, 2006; Ahuja et al., 2017). In the present study, it is also
possible that cavities in the tissue cable in C-NT3 rats were formed

when some of the remaining chitosan chips, that clearly had not yet
completely degenerated, fell out during the histological processing. In
the T-control rats, cavities may have resulted from an incomplete for-
mation of the tissue cable, in which neurogenesis did not appear to play
a role.

Our findings are fundamentally in agreement with Yang et al.
(2015) who used a C-NT3 implant in the same adult rat SCI model.
Similar as observed in the present study, Yang and co-workers (2015)
described a tissue cable with similar anatomical features bridging the
transection gap and connecting the spinal cord stumps at 3-months after
implantation. Their results also indicated a bi-directional neurogenesis
response resulting in neural cells present throughout the tissue cable as
was suggested by the results in the present study. Yang et al. (2015)
demonstrated the crucial role of NT-3 in the neurogenesis response
elicited after implantation of the C-NT3 implant; however, their neu-
rogenic response at 3months post-implantation seemed more abundant
compared with the present study. It is possible that differences in the
amount or release kinetics of the NT-3 chitosan carriers influenced the
migration and differentiation of local NPCs. The precise role of chitosan
that carries NT-3 in neurogenesis remains to be elucidated.

The tissue cable in C-NT3 rats contained NF-positive processes in its
rostral and caudal aspect, suggesting ingrowth of axons from the spinal
cord into the tissue cable. Many of these were associated with GFAP-
positive processes, which most likely were derived from astrocytes lo-
cated in the adjacent spinal cord. It is possible that the astrocytic pro-
cesses supported and guided the ingrowth of the axons, which was
previously shown to occur into a Schwann cell cable in an adult rat
model of a complete spinal cord transection (Williams et al., 2015). In
some of the rats with the C-NT3 implant, the axons had reached as far

Fig. 6. NF-positive processes were detected in the tissue cable of C-NT3 but not T-control. In C-NT3 rats, sections stained for GFAP and NF and counterstained with DAPI
showed GFAP- and NF-positive processes in the interface of the tissue cable and the rostral spinal cord (A). A magnification of the area in the white box in panel A
near the rostral interface is provided in panel B. The area in the white box in panel B is magnified to show NF-positive processes (C), GFAP-positive processes (D), and
NF- and GFAP-positive processes (E). GFAP- and NF-positive processes were also present in the interface of the tissue cable and the caudal host spinal cord (not
shown). In the middle of the tissue cable NF-positive processes were present (A, F). The white box in panel F is magnified to show NF-positive axons (G) and the
absence of GFAP staining (H). Panel I shows the boxed area in panel F double stained for GFAP and NF revealing the presence of NF- and absence of GFAP-positive
processes. In T-control rats, the tissue cable contained a few GFAP-positive processes near the interfaces (J). The area in the white box in the rostral interface is
magnified in panel K. The area in the white box in panel K is magnified to show GFAP-positive processes (L), NF-positive processes (M) and both NF and GFAP-
positive processes (N). Areas deeper into the tissue cable (J, O) did not contain any NF- or GFAP-positive profiles. The area in the white box in panel O is magnified to
more clearly show the absence of GFAP-positive profiles (P), NF-positive profiles (Q), or both (R). In T-control rats, NF and GFAP staining was present throughout the
rostral and caudal spinal cord (J).

Fig. 7. Overground walking performance was improved in rats with the C-NT3 implant compared with no implant. Scatter dot plots showing that the average BBB score of
the left hind limb in C-NT3 rats were significantly higher than that in T-control rats (A). Similarly, the average BBB score of the right limb in C-NT3 rats was
significantly higher than that in T-control rats (A). The average BBB scores of the left and right hind limb in S-control rats that received a laminectomy only (A) were
not significantly different from normal uninjured rats that have a score of 21. Scatter dot plots showing that when BBB scores were averaged for the left and right hind
limbs, similar statistical differences were found between the three groups (B).
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as in the middle of the tissue cable. In contrast, in all T-control rats, the
growth response was less and processes had not extended beyond the
rostral and caudal aspect of the tissue cable. Possibly, the neurotropic
actions of NT-3 released from the chitosan carriers had elicited a more
pronounced growth response. These growth responses in C-NT3 rats
described here were similar to that reported by Yang et al. (2015).

In rats with the C-NT3 implant, but not in T-controls, MEPs were
elicited in the tibialis anterior after stimulation of the motor cortex and
SEPs were present in the sensorimotor cortex after stimulation of the
tibialis anterior. These MEPs and SEPs had similar latencies and smaller
amplitudes than those in S-control, which received a laminectomy only.
Our electrophysiological findings suggest the presence of a neural cir-
cuitry connecting the hind limbs and the cortex. Previously, observa-
tions by Yang et al. (2015) suggested the presence of such connections
in adult rats from 1month after implantation of a C-NT3 implant in the
complete transected spinal cord. Studies using trans-synaptic neuronal
and axonal tracers, such as the rabies parvo virus (Dum and Strick,
2013), could possibly shed light on the existence of cortical-tibialis
anterior axonal connections in rats with a C-NT3 implant in the trans-
ected spinal cord.

Hind limb movement in C-NT3 rats was improved compared with
that in T-control. A significant correlation was found between hind limb
movement and MEP amplitude and SEP latency and amplitude. The
improvement in hind limb movements in this study was less than that
observed at the 3-month time point in the study by Yang et al. (2015).
There are several plausible explanations for this difference between the
two studies. The rats in the current study were tested only at the 3-
month time point, while the rats in the previous study were tested
weekly after implantation of the scaffold. The presence of novel ob-
servers (from Miami) and changes in vivarium procedures (due to re-
novations) (Basso et al., 1995) may have influenced the performance of
the rats during testing. An alternative explanation may be that in the
present study the newly formed tissue cable matured slower that in the
study by Yang et al. (2015), which was suggested by our anatomical
and cellular observations, possibly due to differences in NT-3 release
from the implant. This possibility that the release of NT-3 determines
tissue maturation during the healing process needs to be investigated in
future studies.

In the present study, we used female rats only because this re-
produced what was done in the original study by Yang et al. (2015)
which we aimed to validate here. In future experiments, female and
male rats should be used to better represent the SCI population.

It is worth noting that this validation study achieved success on the
very first attempt, with no optimization of the coordination of the two
teams, animal care procedures, and behavioral assays. Given the fact
that SCI studies are especially difficult to reproduce (Steward et al.,
2012), confirming the finding that the C-NT3 implant elicited neuro-
genesis associated with electrophysiological signals and hind limb
function improvements supports the potential of the C-NT3 implant for
treatment of SCI.
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