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ABSTRACT

Objective: Despite the conventional belief that motor function and sensation distal to the site of a complete spinal
cord transection are irretrievable, our research has demonstrated significant motor recovery in mice, rats, and
dogs by applying polyethylene glycol (PEG) topically via a syringe directly to the contact interface of transected
spinal cord. However, before implementing this technology in human subjects, validating PEG’s efficacy and
enduring impact through experimentation on non-human primates is imperative.

Methods: Two 4-year-old female Macaca fascicularis monkeys underwent complete dorsal cord transection at
T10. Postoperative behavioral assessment, electrophysiologic monitoring, and neuroimaging examinations were
recorded, and tissues were obtained for histological examination at the end of study.

Results: The monkey whose spinal cord had been fully transected in the presence of PEG developed useful re-
covery already at 3 months and near-complete recovery of motor function in the hind-limbs at 18 months. The
control animal without PEG remained paralyzed. Cortical somatosensory evoked potentials recovered post-
operatively only in PEG-treated monkey vs none in the control. Diffusion tensor imaging showed re-
establishment of continuity of the white matter in PEG-treated monkey, but not in the control. Moreover, his-
tology revealed intact neuronal bodies, axons, and myelin tissue at the spinal cord transection site in PEG-treated
monkey only.

Conclusion: This report suggests that in primates, an acutely transected spinal cord can be re-fused in the presence
of PEG with restoration of neural continuity and functional recovery of motor activity distal to the site of

transection.

1. Introduction

Despite of over a century of intensive research, the recovery from
paralyzing spinal cord injuries (SCIs) remains incurable. Contemporary
engineering solutions, ranging from exoskeletons tailored for lower
dorsal SCIs to brain-computer interfaces and electrical spinal cord
stimulation, have fallen short in fully restoring normal sensory-motor
function (Ahuja et al., 2017). The imperative for a biologically-rooted
intervention capable of reinstating functional neural continuity has
become increasingly apparent.

Among the spectrum of SCIs, spinal cord transection (SCT) stands out
as the most severe form, invariably entailing complete and enduring
motor and sensory deficits in affected individuals. A breakthrough came
in 2013 with the formulation of the GEMINI spinal cord fusion (SCF)
protocol, offering a novel avenue for reestablishing neurophysiological
conduction across acutely severed spinal cords, even in completely
transected spinal cords (Canavero, 2015). This pioneering biologic
approach entails the immediate bathing of the transected spinal cord
stumps in a neuroprotective and fusion-inducing solution composed of
polyethylene glycol (PEG), followed by electrical stimulation of the
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spinal cord precisely at the point of controlled and sharp SCT. The
outcome manifests PEG can promote fusion of nerve populations across
the transection site and immediately restore electrical conductivity.
Intriguingly, this protocol also demonstrates the viability of gray matter
interneurons, with subsequent axonal sprouting across the fused inter-
face (Canavero et al., 2016). PEG is a non-toxic substance with a wide
range of clinical and pharmaceutical applications, including several
PEGylated drugs. PEG is also FDA-approved for use as a preservative
additive before organ transplantation (Pasut et al., 2016). PEG’s neu-
roprotective attributes, coupled with its capacity to induce membrane
resealing, have been unequivocally demonstrated in various studies. The
heightened fusogenic capability of PEG serves as a countermeasure
against the generation of free radicals, which are recognized instigators
of cellular injury. Notably, this protective action encompasses the
attenuation of reactive oxygen species induction and lipid peroxidation
subsequent to SCI (Luo et al., 2002).

Patients who experience traumatic SCIs resulting in functionally
complete transections often receive treatment hours after the trauma, by
which time inflammation and swelling have set in. These processes can
eventually lead to scarring and fibrosis, creating a barrier that prevents
any neural regrowth across the site of the spinal injury and subsequently
results in permanent paralysis distal to the injury site. To address this
challenge, we have designed an surgical procedure to tackle this prob-
lem. After removing scar tissue, we excise half of the spinal cord tissue,
preserving one side of the posterior spinal artery, and transplant it from
the distal spinal cord to bridge the gap between the distal and proximal
spinal cord stumps, ensuring the maintenance of its arterial supply (Ren
et al., 2021). In this context, the GEMINI protocol stands out as a
promising candidate for spinal cord fusion (SCF). Recent years have
witnessed a sequence of experiments conducted by our team in mice,
rats, and dogs (Ye et al., 2016; Kim et al., 2017; Ren et al., 2017; Liu
et al., 2018; Ren et al., 2019a), and by other researchers in pigs, which
provide robust support for the rationale underlying the GEMINI protocol
(Ren et al., 2019b). However, before considering the translation of these
findings to human application, primate data will be invaluable to
corroborate and advance these outcomes. This study thus presents
compelling evidence by evaluating the PEG arm of the GEMINI protocol
in a primate model, contributing a crucial step toward potential human
translation.

2. Methods and materials

The primary objective of this study was to conduct a comparative
analysis of motor and sensory recovery between two monkeys. One
monkey underwent an operative complete transection of the spinal cord
at the T10 level, with the transected cord ends treated using the neu-
roprotective substance PEG-600, while another monkey experienced a
similar transection without the administration of the neuroprotectant
fusogen. Subsequently, close monitoring was implemented to assess the
emergence of motor function in the lower extremities, the restoration of
urinary control, and the presence of sensory function, as evaluated
through somatosensory evoked potential testing. These assessments
served as tangible indicators of both descending and ascending neural
transmission across the site of SCT.

The inclusion of only two monkeys in this study was determined by
multiple considerations. Firstly, our research team has conducted an
extensive series of systematic experimental studies focusing on PEG
treatment within several SCT models encompassing mice, rats, and
beagle dogs. The experimental investigation involving these two mon-
keys plays a pivotal role in validating the potential clinical translation of
PEG treatment for spinal cord injuries. Secondly, the ethical implica-
tions inherent in animal research prompted us to judiciously limit the
number of subjects used, reflecting our commitment to upholding
ethical standards while ensuring the scientific robustness of the
outcomes.

All procedures conducted in this study received approval from both
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the Institutional Animal Care and Use Committee of Harbin Medical
University (HMUIRB-2008-06) and the Institute of Laboratory Animal
Science of China (A5655-01), in strict adherence to Directive 2010/63/
EU of the European Parliament. Animal data reporting followed The
ARRIVE 2.0 guidelines. For this study, two female Macaca fascicularis,
aged four years, were procured from Suzhou Xishan Zhongke Laboratory
Animal Co., Ltd (Suzhou, PRC). The animals were provided a comfort-
able housing environment, adhering to a light/dark cycle of 12 hours
each, and were provided with ad libitum feeding.

2.1. Operative procedure for spinal cord transection

Upon establishing intravenous access, a dose of ketamine at 0.1 ml/
kg was administered intravenously to induce general anesthesia, fol-
lowed by endotracheal intubation to facilitate artificial ventilation.
Anesthesia was maintained through intravenous administration of pro-
pofol at 10 mg/kg-h, remifentanil at 0.2 pg/kg-min, and vecuronium at
0.1 mg/kg. The subjects were placed in the prone orientation, with
subsequent placement of the evoked potential electrodes (as specified
below).

Sequentially, the skin, subcutaneous fat, and underlying musculature
covering the spine were incised in layers. Laminectomy was meticu-
lously performed using specialized spinal surgical instruments at the
thoracic 10 (T10) level. Employing microscopic guidance, an incision
was made in the dura mater, followed by gentle elevation of the spinal
cord at the T10 level with a custom hook fashioned from a Kirschner
wire (1—0). Complete transection was achieved utilizing a sapphire
blade (Shanghai Jingming Fine Technology Co., LTD., China). Prior to
the transection, vasoconstriction was induced using a solution of cold
saline (4 °C) augmented with epinephrine to reduce bleeding. Notably,
no gap was created between the ends of the transected spinal cord.
Subsequent to the transection, a volume of PEG-600 (100 % w/v, Sigma-
Aldrich/Merck, Germany) at 5 ml or 0.9 % NaCl at 5 ml was applied
topically via a syringe directly to the contact interface of transected
spinal cord (Control V.S PEG-treated), and it was left undisturbed in its
application. The dura mater was then sutured shut without aspirating
the administered fluid, and the wound was subsequently closed layer by
layer using standard procedures.

2.2. Postoperative care

The monkeys were accommodated comfortably within spacious
veterinary cages. Intravenous Cefoperazone Sodium and Sulbactam
Sodium (25 mg/kg; Harbin General Pharmaceutical Factory’s Sales
Company, Harbin, Heilongjiang, PRC) were administered for 3 consec-
utive days. Throughout the study period, a diverse and nutritious diet
was administered under the close supervision of our veterinary experts.
Daily routines incorporated hip massage and lower limb rehabilitation
protocols. Furthermore, a selection of soothing music was provided
during daily hours. To prevent the development of pressure sores, sus-
pension chairs were employed. Urinary catheterization was undertaken
until sphincter function recovery was achieved.

2.3. Evaluation of hindlimb motor function

The animals underwent a comprehensive battery of neurological
assessments at regular intervals following SCT. Motor function evalua-
tion encompassed regions distal to the site of SCT. To gauge the progress
in motor function within the lower limbs innervated by nerves tradi-
tionally believed to originate proximal to the SCT site, two distinct
evaluation scales were employed. The first was a widely adopted,
modified 5-point Tarlov scale, while the second was a more detailed 21-
point scale (Sledge et al., 2013) developed by Pritchard et al. in a
monkey hemisection model of SCI.

Assessment of hindlimb function was conducted both preoperatively
and postoperatively on days 1, 7, 15, 30, 90, 180, 360, and 540 after the
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SCT procedure. Quadrupedal locomotion was systematically recorded
via wide-field and close-up video recordings, conducted within a stan-
dard cage and a controlled laboratory room, respectively. Each video
session spanned a continuous 5-minute duration and was conducted
twice (cage + room) on each evaluation day. The camera’s field of view
was optimized with appropriate illumination for enhanced recording.
Instances of upright standing and cage climbing were documented using
food rewards.

The subsequent evaluation of video data was undertaken by an
impartial reviewer, uninvolved in the in vivo execution of the study,
thus maintaining blinding. Ratings for each video session were derived
from meticulous analysis of all recorded segments, encompassing both
wide-field and close-up footage. These ratings culminated in an overall
observational neuromotor score for each hind limb, independently.

2.4. Neurophysiology

Cortical somatosensory evoked potentials (SSEPs) were recorded
immediately after the induction of anesthesia and subsequently at 3, 5,
and 7-minute intervals following spinal cord transection (SCT), as well
as after the application of either PEG or saline for bathing. The recorded
data were analyzed by Lab Chart software (AD Instruments, Bellavista,
Australia). The stimulating electrode was accurately positioned over the
right sciatic nerve, while the recording electrode was placed over the
sensory cortex. Stimulation parameters encompassed 30 mA, 200 ms
duration, and a frequency of 0.25 Hz. The waveform changes of P1-N1
and the latency of P1 were observed.

2.5. Neuroimaging

Both animals underwent Magnetic Resonance Imaging (MRI) and
Diffusion Tensor Imaging (DTI)(15—17) using a 3.0 T MRI system
(Achieva 3, Philips, Amsterdam, The Netherlands). The imaging pro-
cedures were performed with the animals in a prone position under
ketamine anesthesia. Sagittal T2-weighted Fast Spin-Echo (TR
1700 ms; TE = 100 ms; slice thickness = 3 mm; slice gap = 0.1; NSA = 4)
and axial single-shot Echo-planar DTI (TR = 6100 ms; TE = 93 ms; voxel
size = 2 mm x 2 mm; slice thickness = 2 mm; slice gap = 0; NSA = 2;
diffusion direction number = 15). These imaging sequences were ac-
quired at three time points: 1 month, 6 months, and 18 months post-
operatively for the treated animal, and at 1 month only for the control
animal. Furthermore, the DTI original images underwent processing to
generate color DTI maps.

2.6. Histology

At the end of the study (18 months for the experimental animal and 1
month for the control), each animal was subjected to anesthesia, and the
spinal cord was exposed as previously described. Subsequently, a local
perfusion was performed using a solution of 0.9 % NaCl and 4 % para-
formaldehyde. Immediately thereafter, the spinal cord tissue at the T10
level was excised. The animals were euthanized through intravenous
administration of sodium pentobarbital (100 mg/kg). Small tissue
samples (<1 mm3) were removed from the middle of the fusion area for
electron microscopy analysis. The entire tissue block was then immersed
in a 4 % paraformaldehyde solution for 36 hours. Subsequently, a
gradual alcohol dehydration process was employed, followed by
embedding the tissue in paraffin. The cord was studied on transverse 5
pm slices at the site of transection. Paraffin sections were then de-waxed
with xylene and then hydrated by passing through decreasing concen-
tration of alcohol baths and water for staining with H&E, Cresyl Violet
(CV/ Nissl) and Luxor Fast Blue (LFB). Finally, dehydration in increasing
concentration of ethanol and clearing in xylene completed the proced-
ure. CV stains neurons by binding to the Nissl substance present in
neuronal bodies and their nuclei (but not in axons and axon hillocks),
whereas LFB stains myelin. All sections were visualized on an Olympus
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BX53-FL digital fluorescence microscope (Tokyo, Japan).
2.7. Immunohistochemistry

After deparaffinization, the sections were quenched with endoge-
nous peroxidase activity for 30 min in 3 % methanol hydrogen peroxide.
The antigen (https://www.abcam.com/protocols/ihc-fixation-protocol)
was then fixed in a microwave buffer in citrate buffer (pH: 6.0) for 5 min.
The sections were incubated with primary antibodies to Neurofilament-
200 (NF-200, 1:50, Abcam, USA) and to Myelin Basic Protein (MBP,
1:50, Invitrogen, USA) overnight at 4°C. Thereafter, the secondary so-
lution (PV secondary antibody kit, Beijing Zhongshan Jingiao Biotech-
nology Co., Ltd.) was incubated at 37°C for 20 min in darkness. The DAB
dye solution was added drop-wise. Finally, the sections were mounted
on slides for microscope observation after hematoxylin counterstaining,
dehydration, and clearing in xylene. Positive staining tissue of NF-200
and MBP was quantified through morphometric image analysis (inte-
grated optical density, IOD) with the aid of acquired fluorescent pho-
tomicrographs, utilizing the Image J software (National Institutes of
Health, Bethesda, MD).

2.8. Transmission electron microscopy (TEM)

The tissue samples harvested from the fusion zone were cut into
small pieces and placed in 2.5 % glutaraldehyde at 4°C overnight. Fix-
ation with 1 % citric acid followed for 1.5 h. The samples were dehy-
drated by gradient acetone and embedded in an epoxy resin-embedding
agent overnight, followed by polymerization at 80°C for 48 h. The
sample was cut into ultra-thin sections (75 nm) using an ultramicrotome
(EM UC6, Leica Microsystems, Germany) and stained with uranyl ace-
tate and lead citrate. An 80 KV TEM was used to visualize the samples
(Hitachi, H-7650, Japan).

2.9. Pain assnessment

Although this study was exclusively geared toward evaluating motor
recovery, observers were also instructed to assess the presence of any
possible signs of central pain of cord origin (Canavero and Bonicalzi,
2018). At present, there are no universally accepted methods to assess
chronic pain in nonhuman primates; however, there is a consensus that
screams or moans, decreased feeding and drinking, aggression, pro-
longed crouching, “sad” facial expressions or grimaces, and abstaining
from grooming are all signs of possible pain (Institute of Laboratory
Animal Resources U.S., 1992). Evoked pain was not assessed quantita-
tively (e.g. heat pain sensation using a standard thermode), but at the
end of the follow-up, ice-cold compresses were applied to all four limbs
in order to elicit cold allodynia; whenever pain is produced, a response
of intense screams or grimaces is expected.

3. Results

Every possible measure was taken to ensure the well-being of the
animals, aiming to minimize any potential discomfort. Vigilance by our
veterinary experts ensured the absence of bed sores, while a diverse and
nutritionally rich diet was administered. Postoperatively, both monkeys
experienced paraplegia and urinary retention (as detailed in the "Post-
operative Care" section above). Regrettably, because there was abso-
lutely no degree of motor or sphincter recovery (Fig. 1 D-F), and the
animal appeared to be in distress due to the severe kyphosis worsened by
the sitting posture (Fig. 3 D1), the control monkey was humanely
euthanized within the first month post-operation. This decision was
made in consideration of the animal’s distress and quality of life.

3.1. Motor recovery

The control monkey exhibited a Tarlov score of 0 and a B-21
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Fig. 1. Progression of recovery at 6 months (A), 12 months (B) and 18 months (C). Notice how hindlimbs clear the floor during voluntary ambulation (arrow: right
hindlimb). Recovery plotted on the Pritchard 21 point scale (D: right limb, E: left limb) and modified Tarlov scale (F).

(Pritchard) score of zero at the one-month, signifying an absence of
motor function. Remarkably, no motor activity was observed in the hind
limbs of this monkey postoperatively. In contrast, the PEG-treated
monkey displayed intermittent voluntary movements in the hind limbs
just 7 days post-surgery. By the first month, frequent movements were
noted, allowing the animal to assume a squatting position, although
weight-bearing was not attainable. During ground testing, the forelimbs
primarily propelled the PEG-treated animal, with the hind limbs
showing some coordinated movement. During cage climbing, the hind
limbs were at times dragged, yet propulsive movements were occa-
sionally noticeable. Progressing to the third month, the hind limbs were
able to support body weight, and initial attempts at climbing were
observed. Although the forelimbs remained the primary propulsive force
during ground movements, the hind limbs contributed intermittently,
displaying decently coordinated movements. When climbing, the hind
limbs were placed appropriately on the bars, albeit with some coordi-
nation challenges. Reaching the sixth month, all four limbs exhibited
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harmonious coordination, and substantial recovery of muscle strength in
the hind limbs allowed for locomotion. Nevertheless, a disparity was
noted between the left and right hind limbs — while the left foot executed
coordinated flexion and extension, the right foot only demonstrated
flexion without extension. During cage climbing, coordination was
generally well-maintained, though sporadic uncoordinated movements
were observed, characterized by flexion without extension (Fig. 1 A).
This coordination progress continued on from 12-month (Fig. 1 B) to 18-
month (Fig. 1 C) (Video 1). The PEG-treated monkey achieved Pritchard
Scale scores of 16 and 18 out of 20 on the right and left sides, respec-
tively (Fig. 1 D, E), along with a modified Tarlov Scale score of 4 out of 5
(Fig. 1 F). Sphincter control was swiftly regained within a month, albeit
with some persistent stress incontinence throughout the follow-up
period. Importantly, it is noteworthy that there were no indications of
chronic pain throughout the entire duration of follow-up.

Supplementary material related to this article can be found online at
doi:10.1016/j.ibneur.2024.09.005.
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3.2. Somatosensory evoked potentials

Cortical sensory evoked potentials (cSSEPs) were normal before SCT
in both animals (Fig. 2 A1, B1). However, after SCT, the control animal
failed to elicit any normal cortical response upon sciatic nerve stimu-
lation at all observed time points (3, 5, and 7 minutes later; Fig. 2 A2-
A4). In contrast, the experimental monkey treated with PEG displayed
the emergence of a normal cortical P1 wave at 3 and 5 minutes after
SCT/PEG treatment, maintaining its normalcy at the 7 minutes (Fig. 2
B2-B4).

3.3. Neuroimaging

One month after the surgery, DTI analysis revealed a lack of white
matter continuity in the control monkey (Fig. 3 D2, D3), with a distinct
gap seen on T2-weighted images (T2WI) (Fig. 3 D1). In contrast, the
PEG-treated monkey demonstrated a rapid re-establishment of white
matter continuity, evident at one month (Fig. 3 A2, A3), more promi-
nently at six months (Fig. 3 B2, B3), and consistently maintained at 18
months (Fig. 3 C2, C3). Notably, T2WI of the PEG-treated animal did not
exhibit any gap (Fig. 3 A1-C1).

Both monkeys exhibited kyphosis on postoperative T2WI. In the
PEG-treated monkey, the Cobb angle of kyphosis measured 34° at one
month post-surgery, to 38° at six months, and further to 42° at 18
months (Fig. 3 A1-C1). Conversely, due to the absence of hind limb
motor function recovery in the control, the Cobb angle of kyphosis
reached 46° after only one month (Fig. 3 D1).

3.4. Histology, immunohistochemistry, and transmission electron
microscopy (TEM)

At the end of follow-up (1 month for the control and 18 months for
the experimental animal), histologic, immunohistochemical and TEM
evaluation of the fusional interface was performed. In terms of H&E and
Nissl staining, intact neuronal bodies could be seen only in the cord
tissue of PEG-treated monkey (arrows in Fig. 4 A, C), but not the control
(Fig. 4 B, D). Moreover, in the LFB staining, the healthy myelin tissue in
the PEG-treated monkey could be clearly observed in the shape of a
circle (arrows in Fig. 4 E), while in the control group, there was almost
disorganized structure myelin tissue. Similar results were observed in
immunohistochemical staining, where NF-200-positive axons and MBP-
positive myelin sheathe were observed in the spinal cord of PEG-treated
animal (arrows in Fig. 5 A, C), whereas few were observed in the control
(Fig. 5 B, D). The positive staining densities of NF-200 and MBP in the
PEG-treated animal were significantly higher than that in the control
(Fig. 5 E, F). On TEM, Broken and loosely myelinated tissue was found in
the tissue of the spinal cord transection in both PEG and control animals,
especially in the control (square+arrows in Fig. 6 C, D). However,
relatively less disorganized myelinationand more newly myelinated
tissue were observed in the PEG-treated animal (circle+arrows in Fig. 6
C, D).
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4. Discussion

Consistent with prior studies conducted in rodent and canine models
(Ye et al., 2016; Kim et al., 2017; Ren et al., 2017; Liu et al., 2018; Ren
etal., 2019a, 2019b), this present experimental case report substantiates
the notion that the application of the neuroprotective agent PEG to an
acutely transected spinal cord can lead to a notable "re-fusion" phe-
nomenon and unprecedented levels of motor recovery, but in a primate
model. It is noteworthy that PEG treatment alone has shown superiority
over a range of strategies tested in experimental rodent and canine
spinal cord transection models. These encompass various interventions
such as diverse types of stem cells, olfactory ensheathing glia, scaffolds,
and other methodologies (Ren et al., 2019b). For comparative context, a
non-sham-controlled study involving grafting of human fetal spinal
cord-derived neural progenitor cells after a C7 hemisection reported a
modest improvement exceeding 25 % in objective manipulation scores
in four out of five monkeys (compared to one of four controls exhibiting
such an improvement), accompanied by a 12 % enhancement in
climbing score commencing several months after grafting (Rosenzweig
et al., 2018). Contrasting these outcomes to the current study, the
PEG-treated monkey displayed occasional voluntary movements of the
hind limbs 7 days postoperatively. Additionally, coordinated move-
ments and locomotion were all observed within 6 months after SCT. The
ultimate scores in both Pritchard Scale and Tarlov Scale almost reached
the full points, representing an unprecedented levels of motor recovery.
Most importantly, this is a recovery from a complete T10 transection
instead of hemisection. Thus, the present case yielded substantially su-
perior results with much faster onset of the treatment (Fig. 1).

Neuroimaging and histological analysis of the experimental animal
underscored the occurrence of neural fiber fusion and regeneration at
the transection interface, thereby offering a plausible rationale for the
observed motor recovery (Figs. 3-5). Our current findings align with our
prior quantitative investigations in rodent and canine models, in which
neuroprotective effects of PEG has also been clearly demonstrated (Ye
etal., 2016; Kim et al., 2017; Ren et al., 2017; Liu et al., 2018; Ren et al.,
2019a). In those studies, we observed minimal vacuolization attributed
to tissue injury (cystic regions) within spinal cords treated with PEG,
exhibiting a marked and statistically significant distinction from the
control group. Moreover, PEG-treated animals demonstrated abundant
myelin staining in contrast to the limited staining observed in the con-
trols. Furthermore, in the control group, evident signs of Wallerian
degeneration were pronounced both above and at the spinal cord tran-
section site, inclusive of the course of corticospinal fibers. In contrast,
treated animals exhibited, on the contrary, considerable preservation of
fibers, which were notably observed traversing the fusion interface
through the scar tissue. The veracity of this spinal cord crossing and
fusion was corroborated by immunolabeling of the NF protein (NF200),
revealing substantial axonal sprouting spanning the spinal cord tran-
section site. The outcomes we present here in the primate context closely
mirror findings in rodent and canine models, thereby reinforcing the
consistency of our observations.

The impediment of scarring has been prominently recognized as a
pivotal factor obstructing the successful regeneration of the spinal cord,
hindering neural transmission encompassing both motor and sensory
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Fig. 2. SSEP tracings: preoperatively (Al: control; B1: PEG), at 3 (A2: control; B2: PEG), 5 (A3: control; B3: PEG) and 7 (A4: control; B4: PEG) minutes post-
treatment. Signal conduction was restored in the PEG-treated monkey as early as 7 minutes after PEG fusion, but not in the control.
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Fig. 3. Postoperative T2WI and DTI images of two monkeys. Postoperative T2WI showed the presence of kyphosis in both monkeys (A1, B1, C1, D1). T2WI of the
PEG-treated monkey at 1 month (A1), 6 months (B1) and 18 months (C1) after surgery showed normal signal intensity at the spinal cord transection and no sig-
nificant vacuolization. The plane of transetion at T10 was observed in T2WI of the control monkey at 1 month after surgery (D1). Nerve fiber continuity was restored
on postoperative DTI imaging in the PEG-treated monkey (A1, A2, B1, B2, C1, C2) but not in the control monkey (D1, D2).

functions across the transection site, and compromising the recovery of
motor abilities and sensory perception. Notably, PEG did not influence
scarring in either our current study or our previous investigations (Kim
et al.,, 2017; Ren et al., 2019a). However, within this primate model,
PEG was promptly applied immediately after the spinal cord was
transected. The acuity of the transection meant that astrocytic scarring
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and inflammation, both known hindrances, were not yet established, as
such scarring typically becomes evident approximately 2-3 weeks
following injury. Additionally, the employment of an extremely sharp
spinal cord transection minimized collateral trauma and resultant
inflammation, resulting in a scarcity of necrotic or devitalized tissue that
could impede the regenerative process or the potential fusion of
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Fig. 4. Optical microscopy at 400x with H&E (A, B), Nissl (C, D) and LFB (E, F) stains. Intact and healthy neuron bodies (arrows in A, C) and myelin tissue (arrows in
E) could be observed in PEG-treated animal, but not in the control (B, D, F). Scale bars =20 pm.

transected neuron membranes. Intriguingly, the formation of an astro-
cytic scar has been shown to promote initial axon regrowth during the
earliest stages of SCI; only during the subacute phase, the scar slowly
evolves into a nonpermissive state (Rolls et al., 2009; Bradbury and
Burnside, 2019; Vangansewinkel et al., 2019). In the present acute SCT
model, by the time the scar transitions to its nonpermissive state, neural
fibers would have had the opportunity to either re-sprout or fuse across
the transection interface, effectively creating a "bridge" between the two
stumps. Therefore, PEG administration does not deprive the regrowth
opportunity from benefiting the advantageous effects of the early scar
formation.

Of particular significance with regard to fusion is the sharpness of the
transection, which stands as a crucial determinant for successful axonal
regeneration. For instance, a rodent study highlighted that an exceed-
ingly sharp transection yielded edema-free lesions and ultimately avoi-
ded the formation of cystic areas or scars. Conversely, a relatively blunt
transection led to collateral injury in close proximity to the transection
site, leading to edema followed by scar formation and cystic regions
around the lesions (Yoshida et al., 2013).

An important point to raise is the dissociation between the rapidity of
recovery of neural transmission in the sensory (dorsal) columns
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(minutes) and the much slower pace of motor recovery (days to weeks).
This calls for some clarification. The GEMINI SCF protocol does not
achieve its results by re-fusing the almost 20 million of fibers coursing in
the white matter (i.e. pyramidal and direct corticospinal fibers), but, as
mentioned above, by neuroprotecting gray matter interneurons that
belong to a sensori-motor pathway that works in parallel to the more
classically understood, long projection fibers. In particular, motor fibers
arising from the motor areas in the brain send projections directly to
spinal motor neurons, but also simultaneously to a network of pro-
priospinal interneurons that spans the entire length of the brainstem and
spinal cord (Canavero, 2015; Canavero et al., 2016). All studies to date,
including clinical case reports (Goldsmith et al., 2005; Tabakow et al.,
2014) that describe recovery of motor function after spinal cord
reconstruction, are explained by positing a driving role of this
inter-neuronal system rather than restoration of the long motor fibers in
the white matter. In our model too, recovery of motor function starts
days after transection and fusion and grows in time, as the fiber substrate
of the motor-coded propriospinal pathways is slowly re-established. As
is well known, recovery from SCI also involves plastic rearrangements at
multiple levels of the CNS, particularly in the brain (Isa and Nishimura,
2014; Isa, 2017) and these take time to occur.
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Fig. 5. Immunohistochemical staining of the two monkeys and the positive staining density of NF-200 and MBP. The NF-200-positive axons and MBP-positive myelin
sheaths were observed in the PEG-treated monkey (arrows in A, C), while almost absent in the control (B, D). The positive staining densities of NF-200 and MBP in the
PEG-treated monkey were significantly higher than those in the control, with a statistically significant difference (p < 0.05) (E, F). Scale bars =20 pm.

PEG

10 pm B 500 nm
HV=80.0kV. HV=80.0kV.
Direct Mag: 2500x Direct Mag: 20000x

control

C 10 um. D 500 nm
HV=80.0kV, HV=80.0kV.
Direct Mag: 2500x Direct Mag: 20000x

Fig. 6. Representative images of TEM of the two monkeys. More newly myelinated tissue and less disorganized myelination were observed at the transection site of
the PEG-treated monkey (A, B). In contrast, the control monkey showed more disorganized myelination and less newly myelinated tissue (C, D). Scale bars =10 pm in
(A, C); 500 nm in (B, D).
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In more detail, rapid (minutes) recovery of cSSEPs after complete
SCT in the present case (Fig. 2) as in our previous rodent and canine
studies (Ye et al., 2016; Ren et al., 2017; Liu et al., 2018) provides
objective neurophysiologic evidence of the actual fusion of long fibers at
the level of the dorsal columns, which are packed and compact, just like
peripheral nerves, where PEG fusion is well established. On the other
hand, descending pyramidal fibers (about 1 million) do not form (unlike
what appears in standard textbooks) a uniform bundle, but fan out and
are intermixed in the white matter, hampering effective pyramidal
motor fiber-on-pyramidal motor fiber fusion. Since movement is actu-
ally driven by the gray matter propriospinal pathway (Canavero et al.,
2016), fusion of pyramidal fibers does not appear to be necessary,
contrary to standard teaching.

The experimental animals in this study were not submitted to any
special form of neurorehabilitation, in particular no electrical stimula-
tion of the fusional area to accelerate sprouting across the interface,
which is believed to be important in and integral to integral to the
GEMINI SCF protocol (Canavero and Ren, 2016). Ever since the pio-
neering work of Dimitrijevic and colleagues in the 1990’s (Dimitrijevic
et al., 1998), spinal cord stimulation, along with intensive rehabilita-
tion, has emerged as a promising technique to help some SCI patients
re-acquire some level of motor function (Angeli et al., 2018; Calvert
etal., 2019). Combining PEG with spinal cord stimulation is expected to
accelerate and further improve recovery, which would also include
sensory function; initial rodent data point in that direction (unpublished
observations).

A substantial proportion, up to 40 %, of individuals afflicted by SCI
contend with a debilitating and chronic pain condition known as central
pain of spinal cord origin. This affliction attributes its pathophysiolog-
ical underpinnings to anomalous generators located within the damaged
gray matter both at and above the level of injury. Selectively silencing
these generators through interventions like extended dorsal root entry
zone coagulations has demonstrated efficacy in alleviating pain in some
of these patients (Canavero and Bonicalzi, 2018; Falci et al., 2018). It is
within the realm of feasibility to posit that alleviation of this pain can be
achieved through the excision of the most severely damaged portion of
the spinal cord. Remarkably, the PEG-treated monkey did not appear to
show any signs of such pain throughout the entire postoperative dura-
tion, extending up to the 18-month follow-up.

Additionally, an intriguing observation emerged from this study: the
monkeys exhibited a preference for a seated position, distinct from the
prone position favored by the beagle dogs in our prior study. This
behavioral inclination of the monkeys engendered the development of
kyphosis in both subjects following the surgical removal of the T10
lamina (Fig. 3 Al-D1). Notably, the control monkey, in particular,
engaged in prolonged sitting periods due to the absence of motor
function recovery in its hind limbs. It is notable that the angle of
kyphosis in the control monkey just one month after surgery has already
surpassed that in the PEG-treated monkey at the 18-month (Fig. 3 Al,
D1). Importantly, both humans and monkeys share similar behavioral
tendencies. Derived from the findings of this study, we propose the
imperative of attending to spinal stability during the clinical translation
of PEG treatment for SCI. Consequently, the application of an internal
fixation system or postoperative thoracolumbar fixation brace following
laminectomy is recommended to prevent kyphosis.

This study comes with certain limitations. The spinal cord injury
model used in this monkey experiment was an acute complete transec-
tion model, which is extremely rare in clinical cases. However, non-
human primate experiments are essential prior to clinical translation.
Furthermore, we conducted a thorough investigation into the impact of
PEG on spinal cord fusion using surgical models, including trans-
plantation of the vascularized pedicle of hemisected spinal cord (Ren
et al., 2021) and vascularized allograft spinal cord transplantation (Shen
et al., 2024) in Beagle models. Both this study and our previous research
involving Beagle surgical models provide robust evidence supporting
the clinical translation of PEG. In conclusion, this study confirms that a
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completely transected spinal cord can be treated with the neuro-
protectant fusogen to allow restoration of sensorimotor function in a
primate model.
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