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Spinal cord injury (SCI), especially complete transected SCI, leads to loss of cells and extracellular matrix and functional
impairments. In a previous study, we transplanted adult spinal cord tissues (aSCTs) to replace lost tissues and facilitate recovery
in a rat SCI model. However, rodents display considerable differences from human patients in the scale, anatomy and functions
of spinal cord systems, and responses after injury. Thus, use of a large animal SCI model is required to examine the repair
efficiency of potential therapeutic approaches. In this study, we transplanted allogenic aSCTs from adult dogs to the lesion area of
canines after complete transection of the thoracic spinal cord, and investigated the long-term cell survival and functional
recovery. To enhance repair efficiency, a growth factor cocktail was added during aSCT transplantation, providing a favorable
microenvironment. The results showed that transplantation of aSCTs, in particular with the addition of growth factors, sig-
nificantly improves locomotor function restoration and increases the number of neurofilament-, microtubule-associated protein
2-, 5-hydroxytryptamine-, choline acetyltransferase- and tyrosine hydroxylase-positive neurons in the lesion area at 6 months
post-surgery. In addition, we demonstrated that donor neurons in aSCTs can survive for a long period after transplantation. This
study showed for the first time that transplanting aSCTs combined with growth factor supplementation facilitates reconstruction
of injured spinal cords, and consequently promotes long lasting motor function recovery in a large animal complete transected
SCI model, and therefore could be considered as a possible therapeutic strategy in humans.

complete spinal cord injury, allotransplantation, adult spinal cord tissues (aSCTs), adult mammalian, long-term survival,
functional restoration
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INTRODUCTION

The spinal cord consists of a bundle of nerves that facilitates
communication between the brain and the rest of the body.
Damage of the spinal cord caused by trauma or disease leads
to cell and/or tissue death and axonal loss and interrupts the
connections below the injured area, and thus can result in
loss of sensation and voluntary motor functions and even
paralysis (Ramer et al., 2014). Spinal cord injury (SCI)
brings incalculable personal and care costs to both the pa-
tient’s family and society, and is one of the most challenging
medical problems. Despite the fact that several repair stra-
tegies have been developed to replace lost neurons and re-
store function, SCI treatment options are still limited.

A landmark investigation by Nygren et al. reported using
embryonic brain tissue pieces to treat SCI for the first time in
1977 (Nygren et al., 1977). At 0.5—4 months after homo-
logous transplantation of embryonic brain tissue pieces to the
injured adult spinal cord, immature noradrenaline (NA)-
containing cells from the locus coeruleus and 5-hydro-
xytryptamine (5-HT)-containing cells from the raphe nuclei
were found to have survived, and the NA and 5-HT axons
grew in the lesioned white matter. Reier et al. transplanted
fetal spinal cord tissues (fSCTs) into the injured spinal cords
of adult hosts and observed survival and differentiation of the
donor grafts, generation of functional connections between
the donor and recipient tissues and improved functional re-
storation (Reier, 1985; Reier et al., 1986; Reier et al., 1988;
Reier et al., 1983). Although transplantation of embryonic
central neural tissues could be potentially applied to SCI
repair, the age of donor tissues is critical. It has been de-
monstrated that fSCTs isolated at embryonic day 12 or 14-15
(E12 or E14-15) exhibited high levels of survival and neural
differentiation capacity after placement into the SCI lesion
sites. But cells of embryonic day 17 (E17) fSCTs could not
be detected 10 months after transplantation into adult rats
with motoneuronal depletion caused by a neurotoxic lesion
(Gulino et al., 2010). The differences in the survival and
differentiation capacities of fSCTs from donors of different
ages were probably due to the different developmental stages
of the grafted fSCTs: motor neurons are generated at about
EI11-E12 and mature at about E17 (Barber et al., 1991;
Sheard et al., 1984). Thus, for nearly 40 years researchers
have only used embryonic day <14 tissues for acute and
chronic SCI repair, as most of the cells in these fSCTs are
neural stem/progenitor cells, which are the main cell types
that survive and differentiate after fSCT transplantation
(Jakeman and Reier, 2015). Spinal cord segments from adult
donors have not been reported as candidate grafts for SCI
treatment in decades.

The adult spinal cord tissues (aSCTs) are composed of
neurons, astrocytes, oligodendrocytes and endothelial cells,
and the retained natural tissue architecture and micro-
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environment with extracellular matrix (ECM) can be con-
sidered as an alternative tool to replace both the neurons and
glia and support axonal growth. Initial proof-of-concept for
the idea of transplanting aSCTs for SCI repair was conducted
and reported by our group recently (Shen et al., 2019). Al-
though others have reported that E17 fSCTs containing
mature neurons fail to treat SCI as none of the donor cells
survive either short- or long-term transplantation (Gulino et
al., 2010), we found that aSCTs survived and motor function
was improved after transplantation into adult transected SCI
rats. Despite the fact that most of the surviving donor cells in
aSCTs were oligodendrocytes, a few donor neurons re-
mained at the lesion site 3 months after treatment with
aSCTs.

To enhance the therapeutic effects of aSCTs and fSCTs in
SCI repair, we and other research groups have applied exo-
genous neurotrophic factors such as brain-derived neuro-
trophic factor (BDNF), neurotrophin-3 (NT-3) and nerve
growth factor (NGF) to these grafts for increasing survival
levels of spinal cord tissues and promoting axonal growth, and
thus improving functional recovery (Bregman et al., 1997,
Coumans et al., 2001; Lynskey et al., 2006; Shen et al., 2019).
Briefly, we reported that the addition of a growth factor
cocktail containing BDNF, NT-3 and vascular endothelial
growth factor (VEGF) to the aSCTs markedly increased sur-
vival levels of the donor grafts and cells, and Basso-Beattie-
Bresnahan scores of the SCI rats (Shen et al., 2019).

The previous aSCT transplantation study was performed in
a rodent complete SCI model with a 3 months treatment
period. However, the spinal cord systems of rodents exhibit
considerable differences from those of primates in scale,
axonal number, location, termination patterns and function,
and inflammatory response and secondary damage after SCI
(Nout et al., 2012). We pioneered the use of a complete
spinal cord transected canine model, which has comparable
clinical signs to human SCI patients, to bridge the gap be-
tween rodent models and human patients. The canine model
is more suitable than rodent models for development of
candidate SCI treatment strategies (Han et al., 2018a).
Moreover, aSCT survival, especially long-term survival, is
an important consideration as it is closely correlated with the
outcomes of SCI repair. In the current work, we investigated
the repair effects of aSCTs in a large animal complete
transected SCI model with a long treatment time. The aSCTs
were isolated from adult canines and then placed into the
lesion area of adult canines with complete transected SCI
(Figure 1). In addition, a growth factor cocktail was applied
to the grafts to enhance survival levels by providing a fa-
vorable microenvironment. Moreover, to test the long-term
survival of the neurons in aSCTs, we used green fluorescent
protein (GFP)-transgenic adult rats as donors to track the
donor cells after transplantation into the injured spinal cord
sites of adult rats. The donor cells in aSCTs were found to
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Figure 1 A diagram showing allogeneic transplantation of aSCTs from adult canines to the damaged thoracic spinal cord sites of adult canines with

complete transected SCI with the addition of the growth factor cocktail.

survive for up to 6 months. We found that transplanting
spinal cord tissues from adult dogs into the transected SCI
site of adult dogs significantly improved the recovery of
motor function and increased the number of neurons in the
lesion area, particularly when combined with the addition of
the growth factor cocktail supplement.

RESULTS

Because the spinal cord tissue segments contain multiple
types of neural and non-neural cells and tissue architecture is
maintained, aSCTs can be considered as a platform for both
replacing the lost/damaged spinal cord and providing a three-
dimensional structure for directing endogenous stem/pro-
genitor cell migration and axon growth. In this study, we
mainly focused on the long-term survival of aSCTs and
functional improvement in different animal models. All dogs
and rats survived the experimental procedures, and presented
with no infections or pressure sores during the experimental
period.

Surviving neurons in the transplanted aSCTs after
transplantation

Previously, we have established the therapeutic potential of
transplanting allogenic adult spinal cord tissue pieces for SCI
repair, and investigated their survival levels in a rodent SCI
model after a short period of time (Shen et al., 2019). To
investigate the long-term survival behavior of aSCTs, we
used GFP-transgenic rats as donors to trace donor neurons
with GFP, and transplanted the GFP-labelled aSCTs from
adult rats to the cavity of the damaged spinal cords of adult
rats in the absence or presence of a growth factor cocktail.
After treatment for 6 months, the samples were double

stained with green fluorescent protein (GFP) and a neuronal
marker, Tuj-1 (Shen et al., 2019). A double-stained GFP- and
Tuj-1-positive neuron was observed in the visual field of the
lesion site of a SCI rat following aSCT transplantation and
growth factor cocktail supplementation (Figure 2A). This
finding indicates that some of the neurons appearing at the
damaged area may come from the aSCTs. In addition, GFP-
positive cells of the aSCTs were detected in the transplan-
tation (T) and transplantation+growth factor cocktail (T+G)
groups, indicating the long-term survival of the transplanted
adult spinal cord in the lesion gaps (Figure 2B). The addition
of growth factors significantly enhanced the survival of the
aSCTs.

Transplantation of aSCTs improved functional restora-
tion in a transected SCI canine model

The Olby scoring system was used to evaluate the recovery
of motor function in SCI dogs with or without transplantation
or growth factor treatment. As shown in Figure 3, all dogs in
the three experimental groups showed no limb movements
and had Olby scores of 0 after surgery, while normal healthy
dogs had scores of 14 (data not shown). The Olby scores of
the injured dogs (control group) slightly increased and
reached 4.50+0.96 at 6 months post-surgery, representing
non-weight-bearing protraction of limbs, which indicates the
limited self-repair capacity of injured spinal cords. Trans-
plantation of aSCTs (T group) resulted in improved loco-
motor recovery of the SCI canines, with a score of 5.17+0.90
after treatment for 6 months. In comparison with the control
group, aSCT transplantation showed benefit in functional
restoration of SCI dogs, although >50% of the dogs still
showed non-weight-bearing protraction of limbs. The dogs
in the T+G group showed weight-bearing protraction of
pelvic limbs and displayed Olby scores of 7.00+1.41, in-
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Figure 2 Survival of the transplants and neurons after transplanting aSCTs in SCI rat for 6 months. A, Immunofluorescence images of GFP (green)
represent the cells in donor segments, GFAP (glial fibrillary acidic protein) (red) represent the astrocytes in both donor and host tissues (scale bar=500 pm).
B, Double staining of neurons in the damaged areas with Tuj-1 (red)/GFP and MAP2 (red)/GFP, at 6 months after surgery in the control, T and T+G groups

(scale bar=100 pm). Double stained cells are indicated by white arrows.
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Figure 3 Surgery and functional recovery. A, Photographs of the proce-
dure of transplanting aSCTs to the lesion sites of complete SCI canines,
with or without the addition of the growth factor cocktail. Arrows are used
to indicate the injured area in the Control group, transplanted aSCTs in the
T group and transplanted aSCTs supplied with the growth factor cocktail in
the T+G group, respectively. B, Olby scores of the dogs with SCI, aSCT
transplantation after injury, and aSCT transplantation in combination with
growth factors after transection, at 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5
and 6 months post-surgery. *, P<0.05.

dicating significant enhancement of functional recovery in
the transected SCI canines.

Transplantation of aSCTs increased the numbers of
neurons at the lesion sites

Based on the above Olby score results, we hypothesized that
the improvement of weight-bearing protraction of the limbs
in the T+G group may be due to the presence of neurons in
the damaged area. Therefore, to assess the existence of
neurons or axons in the lesion area, the spinal cord samples
were harvested 6 months after transplantation of aSCTs into
the SCI dogs and immunostained with neuronal markers
including NF and MAP2 (Yin et al., 2018). No positive
staining for NF, MAP2 or Tuj-1 was observed in the lesion
site of the transected SCI dogs, indicating a lack of neurons
and axons (Figure 4). After the transplantation of aSCTs, we
could find small numbers of positive stained dendrites and
axons. To increase the number of neurons in the damage
zone, a growth factor cocktail was applied in situ during the
treatment period. Because the addition of the growth factors
provided a neurotrophic microenvironment, higher numbers
of NF-, MAP2- and Tuj-1-positive cells or nerve fibers were
observed in the lesion area in samples of the T+G group than
in those in the T group.

We studied the distribution of different types of neurons in
the lesion sites by staining with antibodies against 5-hydro-
xytryptamine (5-HT), tyrosine hydroxylase (TH) and choline
acetyltransferase (ChAT) (Li et al., 2017). As shown in
Figure 5A, more positive stained 5-HT-, TH- and ChAT-
expressing neurons were observed in the lesions of the dogs
in the T+G group than in the control and T groups, which is
consistent with the above immunofluorescence results. The
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Figure 4 Immunofluorescence images of NF and MAP2 in the SCI lesion sites and host normal uninjured area of the control, T and T+G groups. Scale

bar=100 pm.
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Figure 5 Different types of neurons in the lesion sites. (A) Immuno-
fluorescence images and (B) semi-quantification of 5-HT-, TH- and ChAT-
positive (red) neurons in the SCI lesion sites of the control, T and T+G
groups. Scale bar=100 um. *, P<0.05.

immunofluorescence densities of 5-HT-, TH- and ChAT-
positive neurons (normalized to DAPI density) in the T+G
group were significantly higher than those in the control

group (Figure 5B). These findings suggested that trans-
planting aSCTs provided exogenous neurons in the damaged
cavities, and the addition of growth factors to the implanted
tissue pieces increased the numbers of the existing neurons.

DISCUSSION

In our previous study of transplanting aSCTs for SCI repair,
the positive effects of the growth factor cocktail on donor
and host cell survival, neural differentiation and functional
outcomes, and the influences of donor and recipient age on
axonal growth and regrowth into the grafts and hosts were
fully discussed (Shen et al., 2019). Although utilizing a rat
SCI model can replicate the majority of responses and me-
chanisms of human SClIs, it may not be the most appropriate
model for developing and investigating the SCI repair stra-
tegies for potential clinical application, as there are sig-
nificant neuroanatomical and functional differences between
rodents and primates. Thus, a complete SCI large animal
model might be more suitable than rodents for the study of
SCI repair.

Our laboratory has conducted a series of independent in-
vestigations of using tissue engineering strategies to treat
canines with completely transected SCI, and had some great
successes (Han et al., 2018a; Han et al., 2014; Han et al.,
2015; Han et al., 2018Db; Li et al., 2017; Yin et al., 2018). It
has been demonstrated that implanting the NeuroRegen
scaffold (a linear-ordered collagen scaffold) into the lesion
area after the complete removal of 5 mm spinal cord tissue
restored the Olby scores from 4.5 (control group: SCI dogs)
to 5.5 after 4 months (Li et al., 2017). NeuroRegen scaffolds
modified with drugs or growth factors promoted neurogen-
esis, and slightly increased the outcomes of Olby scores
(~6.5 at 4 months (Li et al., 2017) and 6 months (Yin et al.,
2018), and less than 7.0 at 9.5 months (Han et al., 2015)). In
addition, implanting a NeuroRegen scaffold loaded with
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human placenta-derived mesenchymal stem cells increased
the scores from 5.0 (control group) to ~7.0 after treating the
SCI canines for 9 months (Han et al., 2018b). Another group
has also reported that implantation of a gelatin sponge
scaffold loaded with neurotrophin-3-overexpressing
Schwann cells and TrkC-overexpressing mesenchymal stem
cells to complete SCI dogs increased their Olby scores to 7.6
at 6.5 months post-surgery (Wu et al., 2018). Based on these
discoveries, we speculate that the aSCTs may have acted as a
“scaffold” filled with mature neural cells and neural net-
works, which therefore improved locomotor recovery, re-
sulting in a score of 7.0 at 6 months (T+G group).

A possible mechanism of functional recovery through
aSCT transplantation may be via the reconstruction of neu-
ronal circuits in the damaged gap and restoration of con-
nections at the broken ends of the spinal cord. Transplanting
fetal CNS tissues was the first attempt to build a neuronal
relay for SCI repair (Reier et al., 1986). The fetal CNS tis-
sues may extend axons to the host spinal cords, while the
axons of the adult host can grow into these transplanted CNS
tissues (Bonner and Steward, 2015). The axonal growth and
regrowth form new neural connections, resulting in func-
tional recovery. In this study, the aSCTs probably served as a
neuronal relay by providing neurons to replace the lost cells
and acting as a substrate to support axon growth (Bonner and
Steward, 2015; Li et al., 2017; Lin, 2019).

We speculate that the observed NF-, MAP2-, Tuj-1-,
ChAT-, 5-HT- and TH-positive neurons in the damaged area
of the complete SCI canines with aSCT transplantation may
be attributed to two sources: one is the surviving neurons of
the aSCTs, the other is the neurogenic differentiated en-
dogenous stem/progenitor cells. The neurons were present in
aSCTs 6 months after transplantation, and may contribute to
the formation of a neural relay in the transected injury site.
Some of the neurons without GFP co-staining appearing in
the visual field of the SCI damage area may come from the
adult hosts. SCI induces activation, migration and differ-
entiation of endogenous neural stem/progenitor cells
(NSPCs) (Meletis et al., 2008; Mothe and Tator, 2005). Thus,
some non-GFP-expressing neurons/axons might indicate the
growth of host axons or be generated from the host NSPCs.

Transplanted E14 central neural tissues become well in-
tegrated with the host and well vascularized (Horner et al.,
1996; Reier et al., 1986). In the process of aSCT transplan-
tation, blood vessel formation would be a critical factor for
possibly enhancing integration and increasing repair effi-
ciency, as it is required to provide a nutrient- and oxygen-rich
microenvironment for the grafts (Pellegata et al., 2018). It is
impossible to connect blood vessels in the aSCTs to those in
the adult hosts, therefore, stimulating vascularization is of
fundamental importance for increasing the survival level of
the grafts. To encourage angiogenesis we added VEGF,
which can induce proliferation and migration of vascular
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endothelial cells, to the aSCTs. In a previous study, we dis-
covered that although the number of endothelial cells from
the donor grafts was lower at 3 months after transplantation,
the blood vessels were detectable with RECA (an endothelial
cell marker) positive staining in the lesion sites (Shen et al.,
2019). Therefore, we speculate that some of the RECA-po-
sitive staining endothelial cells might be from the hosts.
Vascularization will be the key challenge in aSCT trans-
plantation, and strategies of either stimulating vasculariza-
tion of the grafts or enhancing angiogenesis from existing
vascular networks should be explored in future spinal cord
tissue transplantation studies.

In this study, we transplanted aSCTs to the damaged cavity
of the canine complete spinal cord transection model, and
measured their long-term effects on SCI repair. We found
that aSCT transplantation promoted the functional restora-
tion of the complete transected SCI canines, and the ther-
apeutic efficiency of the aSCTs was significantly improved
by adding a growth factor cocktail with exhibiting higher
number of neurons at the site of injury. We also reported that
the neurons in the aSCTs survived for 6 months. Taken to-
gether, the current study explored the feasibility of using
aSCTs for SCI treatment. We believe that with further de-
velopment of spinal cord tissue protection technology, aSCT
transplantation may be applied in the clinic.

MATERIAL AND METHODS

Animals

Twelve adult female Beagle canines, designated as re-
cipients, and eighteen adult male Beagle canines, designated
as donors, were purchased from Animal Department of
Xiangya Medical University (Changsha), and were housed in
temperature- and humidity-controlled animal quarters for at
least 7 d before surgery. Adult female athymic nude rats (T
cell-deficient; 200-300 g), and adult male transgenic Spra-
gue-Dawley rats expressing green fluorescent protein (GFP;
170-200 g), were purchased from Beijing Vital River La-
boratory Animal Technology Co, Ltd (Beijing). Animal
housing and experiments were performed in accordance with
the Guide for the Care and Use of Laboratory Animals from
the National Institutes of Health (NIH Publications No.
8023, revised 1978).

Surgery procedures

After 8—10 h of preoperative fasting and water deprivation,
the canines were anesthetized by subcutaneous administra-
tion of xylazine hydrochloride (8 mg kgfl) and ketamine
(2.5mg kg_l). The hair on the back of the canine was shaved
and the skin was cleaned with povidone-iodine. All surgeries
were performed under sterile conditions. Physiological sal-
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ine was used to compensate for body fluid loss during the
operation and anesthesia was maintained by propofol. An 8
cm long midline incision was made on the back of the female
canines to expose the T8-T10 vertebrae. Laminectomy was
performed at the T9 vertebral level. A transection and re-
moval of a 5 mm long section of T9 spinal cord was per-
formed and the spinal meninges were reserved. The bleeding
at the SCI site was controlled with gelatin sponge. The fe-
male canines were randomly divided into three groups: 1)
Control group (n=7), 5 mm long transected SCI without
treatment. 2) T group (#=9), a 5 mm long transection of the
T9 spinal cord was performed in the male dogs using the
procedures described above. Then the 5 mm long T9 spinal
cord segments of male canines were removed and carefully
put into normal saline. After being dried with gelatin sponge,
the donor aSCTs of the male canines were transplanted into
the lesion sites of the female canines in the correct rostral and
caudal orientation. 3) T+G group (n=9), the same aSCT
transplantation procedure was conducted, followed by
grafting of Alzet”  osmotic minipumps (model 2ML4;
DURECT Corporation, USA) filled with the growth factor
cocktail (Fan et al., 2018; Shen et al., 2019; Yin et al., 2018)
(containing neurotrophin-3 (NT3, 15 pg), brain-derived
neurotrophic factor (BDNF, 15 pg), vascular endothelial
growth factor (VEGF, 3 pg), basic fibroblast growth factor
(bFGF, 7.5 pg) and Taxol (7.7 pg, liposome form, Nanjing
Luye Sike Pharmaceutical Co., Ltd) in rostral and caudal
positions, and fixed to the dorsal muscle nearest the lesion
site of the female canines. Then two catheters connecting the
minipumps were carefully put into the rostral and caudal
donor-host interfaces. The minipumps continuously deliv-
ered the growth factor cocktail at a pumping rate of
2.5uLh ', At 2 weeks post-surgery, the initial minipumps
filled with the growth factor cocktail were replaced with new
ones, which were removed after a further 2 weeks. Previous
studies have demonstrated that Taxol administration pro-
moted locomotion recovery, enhanced axonal regeneration,
increased neurogenesis and reduced scar formation in both
rodent and canine SCI models (Hellal et al., 2011; Fan et al.,
2018; Yin et al., 2018). In this study, we aim to further en-
hance the positive therapeutic effects by adding Taxol into
the growth factor cocktail during aSCT transplantation. After
surgery, the dissected spinal meninges, muscle and skin
layers of the host SCI canines were sutured carefully. All the
canines were treated with cyclosporine A (12 mg kgfl) and
methylprednisolone (4 mg kgfl) daily during the whole ex-
perimental time period. The surgery procedure of the com-
plete transected SCI rat model was conducted as described in
our previous study (Shen et al., 2019).

Behavioral assessment

The Olby scoring system was used to quantitatively estimate
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the functional outcomes after transplanting aSCTs into the
lesion area of spinal cord-transected dogs (Olby et al., 2004).
Each dog was put in an open field and allowed to walk freely
and was independently scored for spontaneous or voluntary
hindlimb movements over 6 months by two individuals who
were unaware of the experimental conditions. The results
were expressed as meantstandard deviation. Statistical ana-
lyses were performed using #-tests and P<0.05 was considered
statistically significant (compared with the control group).

Histological analysis

At 6 months after surgery, the animals were sacrificed and

their spinal cords from T5-T11 were harvested and fixed
with 4% (v/v) formaldehyde for 48 h then 25% sucrose for
48 h. The spinal cord samples were embedded in Tissue-
Tek® O.C.T. (Sakura Finetek USA, Inc., USA), and then
frozen sectioned using a Leica CM1950 cryostat (Leica
Camera Inc., Germany). The spinal cord sections were
blocked with phosphate-buffered saline (PBS) containing
5% serum, incubated with primary antibodies overnight at 4°
C, followed by rinsing three times with PBS, and then in-
cubated with secondary antibodies. Cell nuclei were stained
with DAPI (VECTASHIELD® antifade mounting medium
with DAPI; VECTOR Laboratories; USA). The primary and
secondary antibodies used in this study were: mouse anti-
microtubule-associated protein 2 (MAP2; ab11267, Abcam,
UK) 1:500; rabbit anti-neurofilament (NF; ab8135, Abcam);
rabbit anti-5-hydroxytryptamine (5-HT; 20080, Immunostar,
USA) 1:500, rabbit anti-choline acetyltransferase (ChAT;
ab6168, Abcam) 1:500; rabbit anti-tyrosine hydroxylase
(TH; ab112, Abcam) 1:500; goat anti-GFP (ab5450, Abcam)
1:1000; chicken anti-GFP (ab13970, Abcam) 1:500; rabbit
anti-GFAP (ab7260, Abcam) 1:500; mouse anti-beta-III tu-
bulin (Tuj-1; 05-559, Merck KGaA, Germany) and Invitro-
gen AlexaFluor” 488 and 594 donkey IgG (H+L) (Thermo
Fisher Scientific, USA) 1:500. Images were acquired with a
Leica TCS SP8 confocal microscope.

Compliance and ethics The author(s) declare that they have no conflict
of interest. Animals were used with the approval of Animal Care and Use
Committee of Institute of Genetics and Developmental Biology, the Chinese
Academy of Sciences and Xiangya Hospital. Animal experiments were
conducted in accordance with Guide for the Care and Use of Laboratory
Animals from National Institutes of Health.

Acknowledgements This work was supported by the National Natural
Science Foundation of China (81891002 and 81971178), the Strategic
Priority Research Program of the Chinese Academy of Sciences
(XDA16040700), the National Key Research and Development Program of
China (2017YFA0104701, 2017YFA0104704, 2016YFCI1101501 and
2016YFC1101502).

References

Barber, R.P., Phelps, P.E., and Vaughn, J.E. (1991). Generation patterns of



1886 Shen, H., et al.

immunocytochemically identified cholinergic neurons at autonomic
levels of the rat spinal cord. J Comp Neurol 311, 509-519.

Bonner, J.F., and Steward, O. (2015). Repair of spinal cord injury with
neuronal relays: From fetal grafts to neural stem cells. Brain Res 1619,
115-123.

Bregman, B.S., McAtee, M., Dai, HN., and Kuhn, P.L. (1997).
Neurotrophic factors increase axonal growth after spinal cord injury
and transplantation in the adult rat. Exp Neurol 148, 475-494.

Coumans, J.V,, Lin, T.T.S., Dai, H.N., MacArthur, L., McAtee, M., Nash,
C., and Bregman, B.S. (2001). Axonal regeneration and functional
recovery after complete spinal cord transection in rats by delayed
treatment with transplants and neurotrophins. J Neurosci 21, 9334-9344.

Fan, C., Li, X., Zhao, Y., Xiao, Z., Xue, W., Sun, J., Li, X., Zhuang, Y.,
Chen, Y., and Dai, J. (2018). Cetuximab and Taxol co-modified
collagen scaffolds show combination effects for the repair of acute
spinal cord injury. Biomater Sci 6, 1723-1734.

Gulino, R., Litrico, L., and Leanza, G. (2010). Long-term survival and
development of fetal ventral spinal grafts into the motoneuron-depleted
rat spinal cord: Role of donor age. Brain Res 1323, 41-47.

Han, S., Wang, B., Jin, W., Xiao, Z., Chen, B., Xiao, H., Ding, W., Cao, J.,
Ma, F.,, Li, X., et al. (2014). The collagen scaffold with collagen binding
BDNF enhances functional recovery by facilitating peripheral nerve
infiltrating and ingrowth in canine complete spinal cord transection.
Spinal Cord 52, 867-873.

Han, S., Wang, B., Jin, W., Xiao, Z., Li, X., Ding, W., Kapur, M., Chen, B.,
Yuan, B., Zhu, T., et al. (2015). The linear-ordered collagen scaffold-
BDNF complex significantly promotes functional recovery after
completely transected spinal cord injury in canine. Biomaterials 41,
89-96.

Han, S., Li, X., Xiao, Z., and Dai, J. (2018a). Complete canine spinal cord
transection model: A large animal model for the translational research
of spinal cord regeneration. Sci China Life Sci 61, 115-117.

Han, S., Xiao, Z., Li, X., Zhao, H., Wang, B., Qiu, Z., Li, Z., Mei, X., Xu,
B., Fan, C,, et al. (2018b). Human placenta-derived mesenchymal stem
cells loaded on linear ordered collagen scaffold improves functional
recovery after completely transected spinal cord injury in canine. Sci
China Life Sci 61, 2—-13.

Hellal, F., Hurtado, A., Ruschel, J., Flynn, K.C., Laskowski, C.J., Umlauf,
M., Kapitein, L.C., Strikis, D., Lemmon, V., Bixby, J., et al. (2011).
Microtubule stabilization reduces scarring and causes axon regeneration
after spinal cord injury. Science 331, 928-931.

Horner, P.J., Reier, P.J., and Stokes, B.T. (1996). Quantitative analysis of
vascularization and cytochrome oxidase following fetal transplantation
in the contused rat spinal cord. J] Comp Neurol 364, 690-703.

Jakeman, L.B., and Reier, P.J. (2015). Fetal spinal cord transplantation after
spinal cord injury: Around and back again. Neural Regener, 351-365.

Li, X., Liu, S., Zhao, Y., Li, J., Ding, W., Han, S., Chen, B., Xiao, Z., and
Dai, J. (2016). Training neural stem cells on functional collagen
scaffolds for severe spinal cord injury repair. Adv Funct Mater 26,
5835-5847.

Li, X., Zhao, Y., Cheng, S., Han, S., Shu, M., Chen, B., Chen, X., Tang, F.,
Wang, N., Tu, Y., et al. (2017). Cetuximab modified collagen scaffold
directs neurogenesis of injury-activated endogenous neural stem cells
for acute spinal cord injury repair. Biomaterials 137, 73-86.

Lin, H. (2019). Transplantation of adult spinal cord tissue: Transection

Sci China Life Sci

December (2020) Vol.63 No.12

spinal cord repair and potential clinical translation. Sci China Life Sci
62, 870-872.

Lynskey, J.V., Sandhu, F.A., Sandhu, F.A., Dai, H.N., Dai, H.N., McAtee,
M., Slotkin, J.R., Slotkin, J.R., MacArthur, L., and Bregman, B.S.
(2006). Delayed intervention with transplants and neurotrophic factors
supports recovery of forelimb function after cervical spinal cord injury
in adult rats. J Neurotrauma 23, 617-634.

Meletis, K., Barnabé-Heider, F., Carlén, M., Evergren, E., Tomilin, N.,
Shupliakov, O., and Frisén, J. (2008). Spinal cord injury reveals
multilineage differentiation of ependymal cells. PLoS Biol 6, e182.

Mothe, A.J., and Tator, C.H. (2005). Proliferation, migration, and
differentiation of endogenous ependymal region stem/progenitor cells
following minimal spinal cord injury in the adult rat. Neuroscience 131,
177-187.

Nout, Y.S., Rosenzweig, E.S., Brock, J.H., Strand, S.C., Moseanko, R.,
Hawbecker, S., Zdunowski, S., Nielson, J.L., Roy, R.R., Courtine, G., et
al. (2012). Animal models of neurologic disorders: A nonhuman
primate model of spinal cord injury. Neurotherapeutics 9, 380-392.

Nygren, L.G., Olson, L., and Seiger, A. (1977). Monoaminergic
reinnervation of the transected spinal cord by homologous fetal brain
grafts. Brain Res 129, 227-235.

Olby, N., Harris, T., Burr, J., Muiiana, K., Sharp, N., and Keene, B. (2004).
Recovery of pelvic limb function in dogs following acute intervertebral
disc herniations. J Neurotrauma 21, 49-59.

Pellegata, A.F., Tedeschi, A.M., and De Coppi, P. (2018). Whole organ
tissue vascularization: Engineering the tree to develop the fruits. Front
Bioeng Biotechnol 6, 56.

Ramer, L.M., Ramer, M.S., and Bradbury, E.J. (2014). Restoring function
after spinal cord injury: Towards clinical translation of experimental
strategies. Lancet Neurol 13, 1241-1256.

Reier, P.J., Perlow, M.J., and Guth, L. (1983). Development of embryonic
spinal cord transplants in the rat. Dev Brain Res 10, 201-219.

Reier, P.J. (1985). Neural tissue grafts and repair of the injured spinal cord.
Neuropathol Appl Neurobiol 11, 81-104.

Reier, P.J., Bregman, B.S., and Wujek, J.R. (1986). Intraspinal
transplantation of embyronic spinal cord tissue in neonatal and adult
rats. J] Comp Neurol 247, 275-296.

Reier, P.J., Houle, J.D., Jakeman, L., Winialski, D., and Tessler, A. (1988).
Transplantation of fetal spinal cord tissue into acute and chronic
hemisection and contusion lesions of the adult rat spinal cord. Progress
in Brain Research 78, 173-179.

Sheard, P., McCaig, C.D., and Harris, A.J. (1984). Critical periods in rat
motoneuron development. Dev Biol 102, 21-31.

Shen, H., Chen, X., Li, X, Jia, K., Xiao, Z., and Dai, J. (2019).
Transplantation of adult spinal cord grafts into spinal cord transected
rats improves their locomotor function. Sci China Life Sci 62, 725-733.

Wu, G.H., Shi, HJ., Che, M.T., Huang, M.Y., Wei, Q.S., Feng, B., Ma, Y.
H., Wang, L.J., Jiang, B., Wang, Y.Q., et al. (2018). Recovery of
paralyzed limb motor function in canine with complete spinal cord
injury following implantation of MSC-derived neural network tissue.
Biomaterials 181, 15-34.

Yin, W., Li, X., Zhao, Y., Tan, J., Wu, S., Cao, Y., Li, J., Zhu, H., Liu, W.,
Tang, G., et al. (2018). Taxol-modified collagen scaffold implantation
promotes functional recovery after long-distance spinal cord complete
transection in canines. Biomater Sci 6, 1099-1108.


https://doi.org/10.1002/cne.903110406
https://doi.org/10.1016/j.brainres.2015.01.006
https://doi.org/10.1006/exnr.1997.6705
https://doi.org/10.1523/JNEUROSCI.21-23-09334.2001
https://doi.org/10.1039/C8BM00363G
https://doi.org/10.1016/j.brainres.2010.02.003
https://doi.org/10.1038/sc.2014.173
https://doi.org/10.1016/j.biomaterials.2014.11.031
https://doi.org/10.1007/s11427-017-9049-y
https://doi.org/10.1007/s11427-016-9002-6
https://doi.org/10.1007/s11427-016-9002-6
https://doi.org/10.1126/science.1201148
https://doi.org/10.1002/(SICI)1096-9861(19960122)364:4&lt;690::AID-CNE7&gt;3.0.CO;2-Z
https://doi.org/10.1002/adfm.201601521
https://doi.org/10.1016/j.biomaterials.2017.05.027
https://doi.org/10.1007/s11427-019-9534-y
https://doi.org/10.1089/neu.2006.23.617
https://doi.org/10.1371/journal.pbio.0060182
https://doi.org/10.1016/j.neuroscience.2004.10.011
https://doi.org/10.1007/s13311-012-0114-0
https://doi.org/10.1016/0006-8993(77)90003-8
https://doi.org/10.1089/089771504772695940
https://doi.org/10.3389/fbioe.2018.00056
https://doi.org/10.3389/fbioe.2018.00056
https://doi.org/10.1016/S1474-4422(14)70144-9
https://doi.org/10.1016/0165-3806(83)90137-2
https://doi.org/10.1111/j.1365-2990.1985.tb00007.x
https://doi.org/10.1002/cne.902470302
https://doi.org/10.1016/0012-1606(84)90171-4
https://doi.org/10.1007/s11427-019-9490-8
https://doi.org/10.1016/j.biomaterials.2018.07.010
https://doi.org/10.1039/C8BM00125A

	Allotransplantation of adult spinal cord tissues after complete transected spinal cord injury: long-term survival and functional recovery in canines 
	INTRODUCTION
	RESULTS
	Surviving neurons in the transplanted aSCTs after transplantation
	Transplantation of aSCTs improved functional restoration in a transected SCI canine model
	Transplantation of aSCTs increased the numbers of neurons at the lesion sites 

	DISCUSSION
	MATERIAL AND METHODS
	Animals
	Surgery procedures
	Behavioral assessment
	Histological analysis



