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ABSTRACT

Background: Spinal cord injury (SCI) is a severe impairment of the central nervous system, leading to motor,
sensory, and autonomic dysfunction. The present study investigates the efficacy of the polyethylene glycol (PEG)-
mediated spinal cord fusion (SCF) techniques, demonstrating efficacious in various animal models with complete
spinal cord transection at the T10 level. This research focuses on a comparative analysis of three SCF treatment
models in beagles: spinal cord transection (SCT), vascular pedicle hemisected spinal cord transplantation (vSCT),
and vascularized allograft spinal cord transplantation (vVASCT) surgical model.

Methods: Seven female beagles were included in the SCT surgical model, while four female dogs were enrolled in
the vSCT surgical model. Additionally, twelve female dogs underwent vASCT in a paired donor-recipient setup.
Three surgical model were evaluated and compared through electrophysiology, imaging and behavioral
recovery.

Results: The results showed a progressive recovery in the SCT, vSCT and vASCT surgical models, with no sta-
tistically significant differences observed in cBBB scores at both 2-month and 6-month post-operation (both
P>0.05). Neuroimaging analysis across the SCT, vSCT and vASCT surgical models revealed spinal cord graft
survival and fiber regrowth across transection sites at 6 months postoperatively. Also, positive MEP waveforms
were recorded in all three surgical models at 6-month post-surgery.

Conclusion: The study underscores the clinical relevance of PEG-mediated SCF techniques in promoting nerve
fusion, repair, and motor functional recovery in SCI. SCT, vSCT, and vASCT, tailored to specific clinical char-
acteristics, demonstrated similar effective therapeutic outcomes.

1. Introduction

2017). The consequential disruption of nerve circuits results in unfa-
vorable local inhibitory microenvironments characterized by limited

Spinal cord injury (SCI) constitutes a severe impairment of the cen- nerve regeneration, cavomyelia, glial scar formation, inflammatory re-
tral nervous system, leading to motor, sensory, and autonomic sponses, and the release of axon growth inhibiting substances (Ahuja
dysfunction below the injury site (Hamid et al., 2018; Ahuja et al., et al., 2017; Zhang et al., 2021). SCI has always been a research hotspot
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in the field of neural regeneration and repair. Existing approaches to SCI
repair predominantly involve stem cell therapy (Zipser et al., 2022;
Zipser et al. nd), tissue engineering scaffolds (Koffler et al., nd; Liu et al.,
nd), bioactive substances (Alvarez et al), and so on. Although there have
been certain advancements in the treatment of SCI, it remains a highly
complex medical issue. Our research team, in collaboration with inter-
national partners, introduced a polyethylene glycol (PEG)-mediated
spinal cord fusion (SCF) technique in 2013 (Canavero and Ren, 2016;
Ren et al., 2019a; Canavero et al., 2016). This technique utilizes a pre-
cise cutting tool to minimize spinal cord damage, creating two closely
aligned sections for immediate local fusion with PEG. Applied in various
animal models, including mice (Ye et al., 2016), rats (Ren et al., 2017),
beagles (Liu et al., 2018; Ren et al., 2019b), and monkeys (Ren and
Canavero, 2020), SCF has demonstrated varying degrees of restored
hind limb function following acute SCI at the T10 level, characterized by
a severity grade A of the American Spinal Injury Association (ASIA)
classification (Kirshblum et al., 2019). Independent verification by Kim
et al. confirmed SCF’s effectiveness in complete cervical spinal cord
transection models in mice (Kim et al., 2016a), rats (Kim et al., 2016b),
and dogs (Kim et al., 2016c¢).

Our current research focuses on three distinct SCF treatment models
in beagles: the spinal cord transection (SCT) surgical model (Liu et al.,
2018; Ren et al., 2019b), the vascular pedicle hemisected spinal cord
transplantation (vSCT) surgical model (Ren et al., 2021), and the vas-
cularized allograft spinal cord transplantation (VASCT) surgical model.
Each model demonstrated the ability to restore limb motor function
post-surgery. However, a critical question emerges: do variations in
therapeutic efficacy exist among these procedures? To address this, our
study aims to compare the outcomes associated with these surgical in-
terventions. By undertaking seeks to systematically compare and
quantify the differential effects of the three SCF models, our objective is
to contribute to the refinement of SCF protocols in clinical trials, ulti-
mately fostering advancements in SCI patient treatment outcomes.

2. Materials and methods
2.1. Animal

In this study, a total of twenty-three female beagles, weighing about
8 kg. Animals were randomized into experimental groups using a
computer-generated random number sequence generated by an inde-
pendent researcher. Seven female beagles were included in the SCT
surgical model, while four female dogs were enrolled in the vSCT sur-
gical model. Twelve beagles were randomly paired, resulting in 6 pairs
(one donor paired with one recipient). These 6 pairs dogs underwent
VASCT surgical model. All procedures conducted in this study received
approval from both the Institutional Animal Care and Use Committee of
Harbin Medical University (HMUIRB-2008-06) and Animal Care and
Use Committee of Guangxi University of Chinese Medicine
(DW20230525-089). These procedures were carried out in strict
accordance with Directive 2010/63/EU of the European Parliament.
Moreover, the reporting of animal data adhered to The ARRIVE 2.0
guidelines (Kilkenny et al., 2010). The beagles utilized in this study were
sourced from Qingdao Agricultural University and Guangzhou General
Institute of Medical Research Co. LTD and were provided with
comfortable living conditions, including a 12-hour light and dark cycle.
Additionally, they had access to food and water ad libitum.

2.2. SCF procedure

2.2.1. SCT surgical model

In the experimental SCT surgical model, seven female beagles were
included and subjected to PEG treatment. Prior to anesthesia induction,
atropine (0.025 mg/kg) was administered intramuscularly as an anti-
cholinergic agent. General anesthesia was induced with intramuscular
ketamine (5 mg/kg) and intravenous propofol (4 mg/kg), followed by
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intubation and mechanical ventilation. Anesthesia was maintained with
continuous intravenous propofol infusion (10 mg/kg/h) and remi-
fentanil infusion (0.2 pg/kg/min) for analgesia. Intramuscular vecuro-
nium (0.1 mg/kg) was given for muscle relaxation. The surgical
procedure began with a precise incision in the skin and muscles covering
the thoracic spinal column, followed by a T10 laminectomy using con-
ventional neurosurgical instruments. Utilizing a surgical microscope,
precision was maintained as the dura mater was meticulously opened,
and the spinal cord was gently elevated using a Kirchner wire hook.
Subsequently, the spinal cord was accurately transected with an ultra-
sharp microsurgical blade. Following transection, the animals were
designated to undergo end-to-end fusion at the transection site through
the application of topical PEG-600 (100%, Sigma-Aldrich/Merck)
(2 ml), administered via a syringe. The procedure concluded with the
implementation of standard layer-by-layer closure techniques as previ-
ously described (Liu et al., 2018; Ren et al., 2019b). Postoperatively,
dogs were given cefoperazone sodium and sulbactam sodium IV solution
(25 mg/kg; Harbin General Pharmaceutical Factory’s Sales Company,
Harbin, Heilongjiang, PRC) for three consecutive days. Additionally,
dogs were administered meloxicam (Qilu Animal Health Products Co.,
Ltd, Jinan, Shandong, PRC) at 0.2 mg/kg intramuscularly once a day
postoperatively until the dogs exhibited signs of pain relief. Their urine
was manually expressed twice daily until normal voiding returned. They
were fed dog food with access to water, receiving intravenous hydration
if needed in the first two weeks post-surgery. Hip massage and lower
limb exercises were conducted four times daily for rehabilitation.

2.2.2. vSCT surgical model

Four female dogs were enrolled in the vSCT surgical model. Before
inducing anesthesia, atropine was administered intramuscularly at a
dose of 0.025 mg/kg as an anticholinergic agent. General anesthesia was
initiated with intramuscular ketamine at 5 mg/kg and intravenous
propofol at 4 mg/kg, followed by intubation and mechanical ventilation.
Anesthesia was maintained using continuous intravenous infusions of
propofol at 10 mg/kg/h and remifentanil at 0.2 pg/kg/min for pain
relief. Intramuscular vecuronium was administered at a dose of 0.1 mg/
kg for muscle relaxation. A laminectomy was meticulously performed at
the T10-T11 spinal level, exposing the spinal cord. A precise 1 cm
segment of the spinal cord at T10 was then removed, creating a gap
through sharp transection using an ultrasharp microsurgical blade.
Subsequently, one portion of the spinal cord, including half of its tissue
and one side of the posterior spinal artery, was meticulously excised
either from the lower or upper spinal cord region. This segment was then
transplanted to bridge the gap between the lower and upper spinal cord
stumps, ensuring the arterial supply remained intact. The remaining side
of the posterior spinal artery served as the vascular connection to sustain
blood flow to the transplanted spinal cord tissue. At the auto-
transplantation site, dogs were treated with PEG 600 (2 ml) for 5 mi-
nutes. Subsequent to the treatment, standard closure procedures were
meticulously implemented layer by layer as previously studied (Ren
et al., 2021). Following the above procedures, all dogs received intra-
venous cefoperazone sodium and sulbactam sodium IV solution
(25 mg/kg; Harbin General Pharmaceutical Factory’s Sales Company,
Harbin, Heilongjiang, PRC) for three consecutive days. Moreover, dogs
were given meloxicam (0.2 mg/kg; Qilu Animal Health Products Co.,
Ltd, Jinan, Shandong, PRC) intramuscularly once a day after surgery
until they showed signs of pain relief. Urine was manually expelled from
the bladder twice daily until the dogs regained their normal voiding
reflex. They had access to water and received intravenous electrolyte
solutions if unable to consume food or water during the initial post-
operative week. Four times daily, each SCI dog underwent lower limb
rehabilitation with range-of-motion exercises and hip massages. Addi-
tionally, the dogs were supported by a custom wheelchair-like device to
aid mobility and prevent pressure sores and skin irritations until
voluntary motor function improved.
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2.2.3. vASCT surgical model

In this study, 12 female dogs underwent vASCT in a paired donor-
recipient setup. The dogs were first administered dexmedetomidine
(Nanjing Zhengda Tianqing Pharmaceutical Co. LTD, Nanjing, China) at
a dose of 5 pg/kg intramuscularly for sedation, assisted by mechanical
ventilation. Subsequently, propofol was administered at a dose of
3-5 mg/kg for anesthesia induction, maintained with 1.5% isoflurane
(Rayward Life Technology Co., LTD, Shenzhen, China). Fentanyl citrate
(Yichang Renfu Pharmaceutical Co. LTD, Yichang, China) was admin-
istered at a rate of 10 pg/kg/h for analgesia. The donor phase involved
precise incisions at the T9-T11 levels to isolate the spinal cord tissue
along with the radicular artery (RA) - dorsal intercostal artery (DIA) and
accompanying vein at the T10 level serving as its vascular pedicle.
Microscopic guidance and specialized microinstruments ensured the
careful extraction and preservation of the spinal cord tissue, which was
then enveloped in ice-cold saline-soaked gauze. Subsequently, the donor
dog underwent euthanasia via intravenous injection of a euthanasia
solution containing propofol (10 mg/kg) and potassium chloride injec-
tion (0.2 g/kg), in accordance with established ethical and scientific
protocols. Simultaneously, in the recipient phase, a separate group of
surgeons operated on recipient beagles, creating longitudinal incisions
at the T9-T11 levels. Vascular reconstruction is a priority, and the
vascular pedicle (including the RA-DIA and accompanying vein) of the
donor spinal cord graft was meticulously anastomosed end-to-end with
the muscle perforator and vein of the recipient DIA. The mean cold
ischemia time of donor spinal cord was about 2 hours. After the donor
spinal cord re-established blood circulation, a precise 1.5 cm spinal cord
defect was created at the T10 level from the recipient dog. A tunnel was
crafted between paraspinal muscles to facilitate transplantation, and the
donor spinal cord graft was meticulously bridged at both distal and
proximal stumps of the recipient spinal cord with the local application of
2 ml PEG. The procedure included suturing the dura mater to prevent
cerebrospinal fluid leakage and a layer-by-layer closure of the incision.
Subsequent to the surgical intervention, the recipient beagles underwent
a treatment regimen designed to prevent immune rejection, which
included the oral administration of tacrolimus (Hangzhou Sino-
American East China Pharmaceutical Co., LTD, Hangzhou, China) at a
dosage of 0.2 mg/kg/day (Udina et al., nd) for six months. In addition,
intramuscular injections of methylprednisolone sodium succinate
(Liaoning HAISCO Pharmaceutical Co. LTD, Xingcheng, China) were
administered at a dosage of 1.0 mg/kg/day for 7 days following the
surgical procedures. Also, the study involved administering
25 mg/kg/day of ceftriaxone sodium (Shanghai Roche Pharmaceutical
Co., LTD, Shanghai, China) and 100 IU/kg/day of heparin (Maanshan
Fengyuan Pharmaceutical Co., LTD, Maanshan, China) to all partici-
pating beagles for 7 days post-surgery. Furthermore, dogs received
intramuscular administration of meloxicam (0.2 mg/kg; Qilu Animal
Health Products Co., Ltd, Jinan, Shandong, PRC) once daily following
surgery until they displayed indications of pain alleviation. Besides, the
dogs received assistance with defecation and urination through
abdominal massage three times daily until their voiding reflex returned.
Daily passive movement of hind limb joints and buttocks massage were
conducted to prevent stiffness and pressure sores. Beagles were also
provided with custom-made support akin to a wheelchair to aid mobility
until significant voluntary motor function recovery occurred, crucial for
preventing pressure sores and skin irritations.

2.3. Locomotor function assessment

Two proficient examiners conducted systematic and comprehensive
assessments on all the beagles to monitor the recovery of hind limb
function over 5-minute intervals at specific time points: 3, 10, 17, 24, 31,
38, 45, 52, 59, and 180 days postoperatively. The evaluations were
executed using the canine Basso-Beattie-Bresnahan rating scale (cBBB)
(Song et al., 2016), where a cBBB score of 0 signifies paraplegia, and a
score of 19 denotes normal function. This rating scale serves as a precise
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metric for objectively assessing the movement, coordination, and overall
stability of the hind limbs in the beagles. This methodology ensures a
rigorous and standardized approach to objectively measure and docu-
ment the progress of hind limb recovery in the experimental subjects.

2.4. Neuroimaging examination

All animals underwent magnetic resonance imaging (MRI) and
diffusion tensor imaging (DTI) procedures using a 1.5 Tesla MRI system
(Achieva Magnetic Resonance System, Philips, Amsterdam, The
Netherlands). For MRI, sagittal T2-weighted fast spin-echo sequences
were employed with parameters set at TR = 1700 ms, TE = 100 ms, slice
thickness = 3 mm, slice gap = 0.1, and NSA = 4. Additionally, axial
single-shot echo-planar DTI sequences were utilized with parameters set
at TR = 6100 ms, TE = 93 ms, voxel size = 2 mm x 2 mm, slice thickness
= 2 mm, slice gap = 0, NSA = 2, and 15 diffusion directions. Both MRI
and DTI were performed at 6 months postoperatively, for all animals.

2.5. Electrophysiological detection

Six months post-surgery, a postoperative electrophysiological
assessment, specifically involving Motor Evoked Potentials (MEPs), was
conducted. MEPs were elicited through the application of brief trans-
cranial electrical pulses, featuring a pulse width of 75 ps and a high
voltage of 150 V in an anodal electrical stimulus train. The stimulating
electrodes were precisely positioned over the motor cortex regions at C3
and C4, adhering to the international 10-20 EEG system. Concurrently,
the recording electrodes were strategically placed at the tibialis anterior
in the lower extremities.

2.6. Statistical analysis

The statistical analysis was conducted using SPSS 26.0 (IBM Inc.,
SPSS Statistics, Armonk, NY, USA) and GraphPad Prism 7 (GraphPad
Software, La Jolla, CA, USA) for both statistical analysis and graphical
representation purposes. Prior to analysis, normality of data distribu-
tions was assessed using Kolmogorov-Smirnov tests. Motor assessments
(cBBB scores) underwent analysis through one-way analysis of variance
(ANOVA) and Kruskal-Wallis H-test. Meanwhile, the latency and
amplitude of electrophysiology assessments were analyzed by one-way
ANOVA. For one-way ANOVA analyses, a Tukey post-hoc test was
employed to identify paired differences among groups. In cases where
the Kruskal-Wallis H test was used, the Bonferroni correction method for
pairwise comparison was applied to indicators with significant differ-
ences. Statistical significance was determined at a bilateral p-value
threshold of less than 0.05.

3. Results
3.1. Functional recovery

Before spinal cord transection, all animals exhibited normal cBBB
scores (score: 19), and complete paraplegia (score: 0) postoperatively. In
the SCT surgical model, seven dogs demonstrated initial signs of re-
covery within three days, characterized by twitching in both hind limbs
in response to light pinching of the abdominal wall. The vSCT surgical
model showed one dog with the first signs of motor recovery (autono-
mous hindlimb movement) at 17 days post-operation, while the vASCT
surgical model had two beagles displaying voluntary hind limb move-
ment (scoring one) at 12 days post-surgery. Unfortunately, one beagle
within the SCT group unexpectedly succumbed to complications arising
from anesthesia. In contrast, within the vASCT group, three beagles
exhibited mild gastrointestinal reactions, manifesting symptoms such as
anorexia, diarrhea, weight loss, and other related gastrointestinal issues.
Conversely, no associated complications were observed in the vSCT
group during both the postoperative period and subsequent follow-up.
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Fig. 1. cBBB scores. The ¢BBB scores in the SCT, vSCT, and vASCT surgical
models at different time points. The recovery of motor function in the three
groups showed an upward trend over time. Significant differences in cBBB
scores were observed among the SCT, vSCT, and vASCT surgical models at 3,
10, 17 and 24-day post-operation (p<0.05), while no significant differences in
cBBB scores were revealed among the SCT, vSCT, and vASCT surgical models at
31, 38, 45, 52, 59 and 180-day post-operation (p>0.05).
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achieving successful SCF hinges on the executing precision of an
extremely sharp cross-cut on the spinal cord, crucial for minimizing
damage to local gray and white matter. The applied force, kept below 10
newtons, stands in stark contrast to the approximately 26,000 newtons
encountered in clinical SCIs, a 2,600-fold difference (Sledge et al.,
2013). In SCF, the ultramicroscopic blade’s specific shape, crafted from
carbon nanotubes, enables nanoscale-level crosscutting, reducing axial
mutations (Chang et al., 2010; Reibold et al., 2006; Reyssat et al., 2012).
This method ensures a thin-cell layer transection, minimizing damage
and facilitating immediate re-sprouting of inherent nerve fibers in the
gray matter neurofiber network (Canavero and Ren, 2016). Thus, the
key to SCF success lies in creating a fresh, sharp transected spinal cord
incision, followed by a meticulous alignment of the proximal and distal
ends with no gap, promoting optimal healing conditions. Secondly, PEG,
known for its stability, non-toxicity, and biocompatibility, proves
effective in fusing cell membranes, inducing membrane resealing,
diminishing oxidative stress and providing essential energy support,
which plays a neuroprotective and reparative function in SCI (Ren et al.,
2019a; Kong et al., 2017; Lu et al., 2018; Shi, 2013). Noteworthy is the
critical application time of PEG, as the spinal cord neurons remains
stable for only about 10-20 minutes before rupture, and these severed
neurons spans only 0.3 mm, surviving stably for 3-7 days, with
approximately 30% of proximal axons regenerating within 6-24 h
(Canavero and Ren, 2016; Canavero et al., 2016, 2017). Consequently,
the application of PEG to the broken spinal cord junction within a few
minutes (less than 10 minutes) is imperative. Besides, although PEG can

Fig. 2. T2W and DTI at 6-month post-operation. T2-weighted MRI scans indicated increased re-establishment of anatomic tissue continuity across the graft site in
SCT-treated (A), vSCT-treated (C) and vASCT-treated (E) dogs. DTI showed continued fiber regrowth across the transection plane in the SCT (B), vSCT (D) and vASCT

(F) surgical models.
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Fig. 3. MEP examination in the SCT, vSCT, and vASCT surgical models. Positive MEP waveforms were recorded in all three groups after operation, but the latency
and amplitude were prolonged and lower to varying degrees compared with those before operation.

Table 2

The latency and amplitude in the electrophysiology assessment.
Groups SCT vSCT VvASCT P1 P2 P3 P4
Before surgery
Latency(ms) 12.79+1.48 12.60+1.64 12.63+0.85 0.968 0.973 0.977 0.999
Amplitude(pv) 683.86+167.18 608.90+175.53 553.57+243.84 0.514 0.823 0.487 0.904
6 months after surgery
Latency(ms) 32.13+4.58 62.85+3.38 58.53+2.79 <0.001 <0.001 <0.001 0.206
Amplitude(pv) 121.07+25.88 76.03+15.89 88.90+10.95 0.006 0.007 0.030 0.561

P1: Comparison among three groups;

P2: Comparison between the vSCT group and the SCT group;
P3: Comparison between the vASCT group and the SCT group;
P4: Comparison between the vASCT group and the vSCT group.

effectively fuse nerve axon membranes, mismatches occur when two
spinal cord ends are fused. How many nerve fibers are actually fused to
ensure limb movement? Previous studies in humans and animals indi-
cate that maintaining 5-20% of these fibers is sufficient to achieve a
satisfactory level of motor function, thus, PEG, with the capacity to fuse
10-15% of nerve fiber bundles, holds significant clinical relevance
(Canavero et al., 2016; Basso, 2000; Canavero, 2015). Animal studies
(mice (Ye et al., 2016; Kim et al., 2016a), rats (Ren et al., 2017; Kim
etal., 2016b), dogs (Liu et al., 2018; Ren et al., 2019b; Kim et al., 2016c)
and monkeys (Ren and Canavero, 2020)) also has substantiated the
positive impact of PEG on motor function improvement in complete
SCIs. Therefore, the integration of PEG-mediated SCF techniques,
including SCT, vSCT, and vASCT, with the utilization of precision knives
and the application of PEG as a membrane fusion agent, presents a
comprehensive and promising strategy for accelerating nerve fusion,
promoting repair, and enhancing functional recovery of locomotion in
SCL

SCT, vSCT, and vASCT represent distinct SCF surgical models
developed for SCI, each tailored to specific clinical characteristics. SCT is
primarily intended for patients with acute SCI resulting from sharp in-
strument injuries. Currently, the SCT surgical model has been verified in
animal models of complete spinal cord transection in mice (Ye et al.,
2016), rats (Ren et al., 2017) and beagles (Liu et al., 2018; Ren et al.,
2019b). However, its applicability diminishes for those with common
chronic SCI characterized by significant spinal cord defects. To address
this limitation, the vSCT operation model was developed, specifically
designed for patients with chronic SCI located in the thoracic segment
without severe spinal atrophy. The vSCT model has been tested in
beagles (Ren et al., 2021), demonstrating restored motor function and
the re-establishment of anatomic continuity, along with interfacial
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axonal sprouting. Additionally, clinical population trials were con-
ducted, and the results showed that in eight paraplegics treated with
vSCT, objective improvements occurred in motor function for one in-
dividual, in autonomic nerve function in seven participants, and in
symptoms of cord central pain for seven participants, in electrophysio-
logic motor-evoked potentials for one individual, in restoration of white
matter continuity in three participants (Ren et al., 2022). Nevertheless,
vSCT comes with limitations, as it doesn’t apply to individuals with
distal SCIs (such as those near the cauda equina nerve) or notable distal
spinal cord atrophy. Introducing a more versatile approach, the vASCT
model was formulated to accommodate both acute and chronic SCI
patients with injuries spanning more than one spinal segment. Opera-
tionally, SCT involves the fusion of one spinal cord transeciton, whereas
both vSCT and vASCT incorporate the fusion of two spinal cord trans-
ecitons, potentially influencing early postoperative functional recovery.
Behavioral scores and cBBB scores for SCT indicate swifter recovery in
the initial two months compared to the latter two methods, yet no
substantial long-term motor function differences were observed at the
six-month mark. Additionally, spinal cord transplantation is funda-
mental to both vSCT and vASCT. vSCT utilizes autogenous semi-spinal
cord transplantation with a vascular pedicle, while vASCT entails allo-
geneic total spinal cord transplantation. Vascular reconstruction and the
administration of long-term anti-immune rejection drugs are imperative
for vASCT to reinstate blood circulation and prevent rejection of the
allogeneic spinal cord graft.

While the study provides valuable insights, further research is war-
ranted to explore the long-term effects and potential complications
associated with each SCF surgical model. Additionally, investigating the
underlying cellular and molecular mechanisms contributing to the
observed functional and structural changes will enhance our
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understanding of SCI repair strategies. In conclusion, this study con-
tributes valuable information to the evolving field of SCI research, of-
fering a basis for future investigations and clinical applications aimed at
improving the prognosis and quality of life for individuals with SCIL
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