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Spinal cord injury (SCI) research is a very complex field lending to why reviews of SCI
literatures can be beneficial to current and future researchers. This review focuses
on recent articles regarding potential modalities for the treatment and management
of SCI. The modalities were broken down into four categories: neuroprotection-

pharmacologic, neuroprotection-non-pharmacologic, neuroregeneration-pharmacologic,
neuroregeneration-non-pharmacologic. Peer-reviewed articles were found using PubMed

with search terms: “spinal cord injury”,
ensheathing cells spinal cord injury”,

” “spinal cord injury neuroregeneration”, “olfactory
” “rho-rock inhibitors spinal cord injury”, “neural
stem cell”, “scaffold”, “neural stem cell transplantation”, “exosomes and SCI”, “epidural

stimulation SCI”, “brain-computer interfaces and SCI”. Most recent articles spanning two
years were chosen for their relevance to the categories of SCl management and treatment.
There has been a plethora of pre-clinical studies completed with their results being
difficult to replicate in clinical studies. Therefore, scientists should focus on understanding
and applying the results of previous research to develop more efficacious preclinical
studies and clinical trials.
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Introduction

Spinal cord injury (SCI) can result in both sensory and motor
functional deficits lending to why this type of injury can be
both mentally and physically debilitating to the people it
affects. The most common causes of SCI in the United States
include car accidents, falls, and gunshots with the majority of
victims being middle aged men (Mehdar et al., 2019; Xiao et
al., 2019). As the population of the United States increases
every year, SCl becomes more prevalent. In 2018, it was
believed approximately 288,000 people in the United States
were living with SCI. It is now estimated that as of mid-2020
there are 294,000 people in the United States living with SCI
(National Spinal Cord Injury Statistical Center, 2020). Increasing
prevalence of SCI not only affects the number of victims, but
also puts further stress on the healthcare system. The average
lifetime cost of rehabilitation for SCI victims can exceed
$750,000, leading to a total estimated 6 billion dollars in annual
expenditures for SCI in the US (Xiao et al., 2019). As of mid-
2020 there are no effective treatments for SCl and the burden it
posts on humanity and healthcare increases each year.

This review focuses on recent articles regarding potential
modalities for the treatment and management of SCI.
The modalities have been split into two categories,
neuroprotection and neuroregeneration, and then further
divided into pharmacologic and non-pharmacologic aspects of
each category. It is important to note that all of the modalities
mentioned have been studied recently and therefore more
data need to be collected so each potential treatment can be
better understood.

Database Search Strategy

Peer-reviewed articles were found using PubMed with
search terms: “spinal cord injury”, “spinal cord injury
neuroregeneration”, “olfactory ensheathing cells spinal cord
” “neural stem

" “rho-rock inhibitors spinal cord injury”,
” “exosomes

injury”,

cell”, “scaffold”, “neural stem cell transplantation”,

and SCI”, “epidural stimulation SCI”, “brain-computer
interfaces and SCI”. Articles were chosen based on their date
of publication as well as their relevance to the categories of
SClI management and treatment (Figure 1).

Primary versus Secondary Spinal Cord Injury

It is a common misconception that the initial trauma to the
spinal cord is the only aspect contributing to the debilitating
motor and sensory losses one sees in SCI. The body’s response
to SCI can play just as big of a role when looking at SCI
outcomes.

Primary SCI is defined as the physical force(s) that cause
the SCI including: compression, laceration, shearing, and
stretching (Ahuja et al., 2017).

Secondary SCl is defined as the tissue injury occurring after
the primary SCI (Ahuja et al., 2017). An elementary example
would be inflammation. Inflammation results from the
migration of microglia (macrophages), lymphocytes, and
neutrophils to the site of injury, possibly disrupting the blood
spinal cord barrier (Ahuja et al., 2017; Courtine and Sofroniew,
2019). These cells in turn release TNF-alpha and various other
cytokines and interleukins contributing to the deleterious
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754 articles found
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Articles only addressing a topic
specific to the search criteria:
e.g. SCI, neural stem cells, and
exosomes

72 articles found and cited in this review

Articles found outside years
2019-2020: excluded

Articles addressing multiple
topics including the search
criteria: e.g., SCI, neural stem
cells, and Alzheimer’s disease

Figure 1 | Selection criteria for the literature included in this review.
SCI: Spinal cord injury.

effects of the secondary SCI process. Furthermore, reactive
oxygen species released by the inflammatory cells also
contribute to SCI. SCI can disrupt Ca** homeostasis leading
to hypocalcemia which can cause mitochondrial dysfunction
eventually leading to apoptosis (Ahuja et al., 2017). Because
inflammation is relatively well understood, this aspect of
secondary SCl is a common target of neuroprotective agents.

Both primary and secondary SCI enhance the extracellular
and intracellular mechanisms responsible for preventing
CNS axon regeneration. A perineural net is a common
extracellular matrix structure that is thought to play a role
in limiting axon regeneration based on its intrinsic functions
(Reichelt et al., 2019). Perineural nets help stabilize synaptic
connectivity to regulate neuronal plasticity, form a physical
and electrochemical barrier to prevent entry of noxious
neurochemical stimuli, and sequester various molecules
that would impede synapse formation (Reichelt et al., 2019).
Altering the actions of the perineural nets is believed to
potentially benefit neural regeneration.

An important intracellular regeneration mechanism impeded
by primary and secondary SCl is growth cone formation.
Growth cone formation is dependent on microtubule
stabilization when promoting axon growth (Tedeschi et al.,
2019). The process of actin treadmilling, the assembly of actin
filaments at the tip of the growth cone and the disassembly
of actin filaments in the central domain of the growth cone,
is essential for growth cone motility, axon regeneration, and
neurite formation (Tedeschi et al., 2019). Tedeschi et al. refer
to the growth cone as the “sensory and motor organ” at the
tip of growing axons.

Neuroprotective Agents: Pharmacologic

Methylprednisolone

Methylprednisolone is a synthetic glucocorticoid commonly
used in the management of SCI. It has been shown to
increase anti-inflammatory cytokine release and decrease
membrane lipid peroxidation (Ahuja et al., 2017; Shah et al.,
2020). Ahuja et al. (2017) and Shah et al. (2020) both noted
a 2012 Cochrane meta-analysis showing at a 48-hour high
dose protocol, methylprednisolone had complications with
pneumonia, wound infections, as well as gastrointestinal
hemorrhage. However, a lower dose 24-hour protocol showed

a 4-point improvement on the National Acute SCI study
motor score when given within 8 hours of the SCI. Therefore,
methylprednisolone can be used in certain SCI cases assuming
the complications are understood and no contraindications
present (Ahuja et al., 2017).

Riluzole

Riluzole is a benzothiazole sodium channel blocker that
prevents excitotoxic cell death by inhibiting glutamate release
(Ahuja et al., 2017; Tetreault et al., 2020). When sodium
enters the neuron, it activates calcium channels on the neuron
cell membrane leading to pre-synaptic glutamate release and
therefore excitotoxic action potentials (Tetreault et al., 2020).
A review published by Tetreault et al. (2020) focused on
riluzole administration and neurobehavioral outcomes in rats.
The most common tool to measure locomotor improvement
was the Basso, Beattie, Besnahan score while the von Frey
Filament test was used to measure responses to noxious
stimuli (Tetreault et al., 2020). The review concluded Riluzole
greatly improved locomotor scores, gait parameters, and
responses to noxious stimuli. Riluzole has yet to be tested in
a clinical setting, however, these promising results make the
leap to clinical trials more plausible.

Neuroprotective Agents: Non-Pharmacologic

Cerebrospinal fluid drainage and mean arterial pressure
augmentation

CSF drainage prevents spinal cord hypoperfusion by removing
any impedance of blood flow to the site of injury after acute
spinal cord infarction (Martirosyan et al., 2015; Ahuja et al.,
2017). Mean arterial pressure (MAP) augmentation has been
shown to improve SCI outcomes when MAP is maintained
between 85 and 90 mmHg for 7 days after SCI according to
AANS/CNS guidelines (Ahuja et al., 2017). The combination
of cerebrospinal fluid (CSF) drainage and MAP augmentation
increases the blood supply and perfusion pressure of the
spinal cord to reduce ischemic damage.

Therapeutic hypothermia

Therapeutic Hypothermia for treatment of SCl involves cooling
either the entire subject or the specific section of the injured
spinal cord to 32—-34°C immediately after injury (Kafka et al.,
2020). Studies often use a treatment duration of 24-48 hours,
decreasing temperature by 0.1°C per hour. There has been
a plethora of studies done on the effects of hypothermia on
SCI. However, the exact mechanism by which hypothermia
reduces the process of secondary SCI is poorly understood.
Hypothermia has been shown to reduce the basal metabolic
rate in the CNS as well as decrease inflammation around
the site of injury (Khorasanizadeh et al., 2017). Moreover,
hypothermia reduces blood flow, free radical production, and
lactate formation around the site of injury (Kafka et al., 2020).
Ahn et al. (2020) studied the effectiveness of hypothermia
in improving hind limb motor outcomes in rats based on a
reduction of oxidative stress and inflammation around the
site of injury. One aspect of their study compared activation
rates of Iba-1 immunoreactive microglia in the ventral horn
of rats in normothermic and hypothermic conditions after
lumbar SCI. They saw a 40%, 130%, and 220% decrease in
activation over 12-hour, 1-day, and 2-day periods, respectively
in the ventral horn of the hypothermic rats (Ahn et al.,
2020). They concluded hypothermia has very promising
therapeutic advantages as their results showed not only a
marked decrease in supraoxide anion (80HdG) levels, but also
an increase in endogenous antioxidant levels (SOD1, SOD2,
CAT, and GPX). Hypothermia could also decrease free radical
generation, inhibit excitotoxicity and apoptosis, and promote
angiogenesis to mitigate axonal damage and enhance
neurogenesis (Wang and Pearse, 2015).

A vast majority of studies focusing on hypothermia only
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report pre-clinical data. The results of some clinical trials
have been promising. Kafka et al. (2020) mentioned a few
studies completed between 2009 and 2014 that focused
on the effects of local and systemic hypothermia in human
clinical trials. Local hypothermia involves cooling the local
area of injury through transcutaneous, intrathecal, paraspinal,
epidural injections or through a heat exchanger cooling system
directly over the injury. Systemic hypothermia involves cooling
the entire body through methods like air and water cooling
blankets, ice packs, hydrogel-water circulating pads, and
cooling vests (Kafka et al., 2020). Hypothermic conditions were
often coupled with glucocorticoids or methylprednisolone and
surgical decompression. The patients showed more promising
recoveries than expected when compared to patients with no
treatment.

More clinical trials need to be completed before local or
systemic hypothermic treatments can be considered an
effective clinical treatment modality. A double-blind study
involving many people analyzing therapeutic effectiveness of
hypothermia across a wide temperature range and variations
in treatment duration would be a good start (Kafka et al.,
2020).

Neuroregenerative Agents: Pharmacologic

Rho-rock inhibitors

The Rho protein family consists of 22 GTPases responsible
for the regulation of actin dynamics to control cell shape
and motility. Signal transduction for Rho proteins is aided by
activation of ROCK, a serine-threonine kinase that activates
downstream enzymes Lim kinase and cofilin causing growth
cone collapse (Forgione and Fehlings, 2014). The Rho-Rock
pathway provides a barrier to axon regeneration based on
its downstream activity. Forgione and Fehlings (2014) depict
how the Rho-ROCK pathway becomes activated through
surface oligodendrocyte glycoproteins (SOPs). Some SOPs
include myelin-associated glycoprotein, oligodendrocyte-
myelin glycoprotein, and the Nogo-A molecule. SOPs bind to
receptors, NgR, p75, and LINGO1 on the surface of the neuron
to activate Rho proteins (Forgione and Fehlings, 2014).

Ahuja et al. (2017) discussed the outcome of a study done
on Cethrin/VX-210, a potential pharmacologic inhibitor of
the Rho-ROCK pathway. In a mixed open-label phase trial,
Cethrin was given to 48 patients with both thoracic and
cervical SCIs and was found to have no serious adverse
effects while significantly improving ASIA motor scores.
Cethrin is also known as rho-antagonist BA-210 (Forgione
and Fehlings, 2014). The multi-center, double-blind, placebo-
controlled clinical trial (phase 2b/3) to evaluate cethrin’s
safety and efficacy for acute traumatic cervical SCI is ongoing
(NCT02669849) (Fehlings et al., 2018).

Anti-NOGO approaches

Due to the shear complexity of the Rho-Rock pathway, a
number of rat and primate studies have been published
focusing on targeting specific aspects of it. Another common
approach to inhibiting this pathway has been through the
Nogo-A molecule/NgR receptor complex. Anti-Nogo is a
monoclonal antibody meant to bind SOP Nogo-A and prevent
it from binding to the NgR receptor complex on the neuronal
surface (Ahuja et al., 2017, Mohammed et al., 2020; Shah
et al.,, 2020). Monoclonal antibodies are commonly used to
target a wide variety of signaling pathways with remarkable
specificity. Anti-nogo antibodies may be cheaper to develop
and less labor-intensive in comparison to developing Rho-Rock
inhibitors. Further data collection must be done before this
method can be considered a viable means of treatment.

While these are not pharmacologic modalities,
electroacupuncture and deep brain stimulation have been
shown to be beneficial in NogoA/Rho-ROCK inhibition in rats

as well (Xiao et al., 2019; Mohammed et al., 2020; Zheng
et al., 2020). Clinical trials focusing on electroacupuncture
and deep brain stimulation on NogoA/Rho-ROCK pathway
inhibition have yet to take place.

Neuroregenerative Agents: Non-Pharmacologic

Stem cell therapy

Research focused on stem cell transplantation in SCI started
roughly 50 years ago with clinical trials initiated recently
(Assinck et al., 2017). Various cell types have been studied
for their capacity to repair SCI with transplantation. The most
widely studied cell types in SCI transplantation are neural
stem and progenitor cells (NSPCs), oligodendrocyte progenitor
cells (OPCs), mesenchymal stem cells (MSCs), Schwann cells,
and olfactory ensheathing cells (OECs) (Assinck et al., 2017).
OPCs are precursors of oligodendrocytes that are myelin-
forming cells in the CNS (Miller, 1996). Schwann cells are
myelinating cells of peripheral nerves. Extensive animal based
studies have shown all these cell types are viable candidates
for cell therapy mediating functional improvement in SCI
through several mechanisms such as neuroprotection, axon
sprouting and/or regeneration, immunomodulation, and
myelin regeneration (Assinck et al., 2017). Table 1 listed
the completed and ongoing clinical trials of neural stem cell
therapy in spinal cord injury patients and their current status.

NSPCs

NSPCs are multipotent progenitors with self-renewal capacity
in the presence of growth factors and can differentiate into
neurons, astrocytes, and oligodendrocytes in the absence of
growth factors (Wetts and Fraser, 1988; Davis and Temple,
1994; Gage, 2000). Transplantation of NSPCs into the animal
models of SCI has been shown to effectively promote neural
regeneration leading to the recovery of motor function
(Yousefifard et al., 2016; Qian et al., 2020; Zhu et al., 2020).
Latest reviews of human clinical trials for stem cell therapies
indicated that stem cell transplantations or cell based
therapies in SCl appear to be safe without any serious adverse
effects (Silvestro et al., 2020; Willison et al., 2020). However,
findings of the completed human trials showed only limited
improvement of sensory and motor function in patients
with SCI (Silvestro et al., 2020). The reviews include both
completed and ongoing human trials of stem cell therapy
in SCI. Ongoing clinical trials are evaluating the efficacy of
various types of stem cells including MSCs and NSCs. The
most prominent challenges of the stem cell therapy are the
inhospitable environment at the lesion site of the spinal cord
that inhibits grafted cell survival, differentiation of the grafted
cells into desired phenotypes, and formation of correct
connections between host and grafted cells.

OECs
The primary olfactory nervous system is undergoing constant
regeneration.

OECs are the glial cells found in the primary olfactory nervous
system (Reshamwala et al., 2019). OECs are believed to play
a vital role in regeneration of the olfactory nervous system
because they provide structural, neurotrophic, and axonal
guidance support to the olfactory axons from the lamina
propria to the olfactory bulb (Reshamwala et al., 2019;
Figure 2).

Moreover, OECs phagocytose foreign microbes and the
cellular debris of olfactory nerve regeneration (Reshamwala
et al., 2019). OECs are a current hot topic of SCI research
because of their ability to help olfactory neurons regenerate.
A promising in vitro study by Yue et al. (2020) focused on the
Wnt/B-catenin neurotropic pathway in OECs and its ability
to induce proliferation and differentiation of neural stem
cells (NSCs). They found Wnt activated OECs were able to
increase the percentage of Ki67/Sox2 double positive NSCs
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compared to the control. Moreover, Wnt OECs prolonged
nestin expression and increased differentiation of NSCs to
Tujl-positive neurons, indicating active neuronal proliferation.
Therefore, combination of Wnt OECs and NSCs may be
beneficial to the efficacy of SCI transplantations.

One topic of current OEC SCI research focuses on the

Figure 2 | Schematic illustration of the location of OECs in the primary
olfactory nervous system.

Human olfactory nerves and bulbs are highlighted in yellow. The amplified
diagram illustrates that OECs (dark red) ensheath the axons of the olfactory
neurons (ON, green) that transverse the cribriform plate (CP) from the lamina
propria to the olfactory bulb (OB). Additional abbreviations: GM: Glomeruli;
OE: olfactory epithelium; OM: olfactory mucosa (pink area); SC: sustentacular
cells. Adapted from Reshamwala et al. (2019).

survivability and integration of OECs after transplantation
into the spine. Reshamwala et al. (2019) reviewed the past
ten years’ OEC studies to analyze what factors were most
important in maximizing the efficacy of transplanted OECs.
The factors they considered included: injury type, source of
transplanted cells, co-transplantation with other cell types,
number and concentration of cells, method of delivery, and
time of transplantation after the injury. Two factors were
found to be of upmost importance when promoting survival
of transplanted OECs: the ability to identify the transplanted
OECs in the recipient as well as type of delivery system for
the OECs. They found a majority of OEC transplantation
studies never commented on their OEC survivability after
transplantation. Therefore, having a way to track and quantify
OECs after transplantation experiments is one more way to
eliminate error when measuring the efficacy and survivability
of the transplanted OECs. Of the 66 studies, 51 of them
found OECs were able to remain at the site of SCI longer
when used with a cell suspension or 3D delivery system
including: mucosal pieces, matrices, gelatin sponges, and
hydrogels (Reshamwala et al., 2019). From another study by
Reshamwala et al. (2020) focused on OEC purity and how it
affects transplant outcomes. OECs can be harvested from the
lamina propria inferior to the neuroepithelium or directly from
the olfactory bulb in the anterior cranial fossa (Reshamwala
et al., 2020). OECs harvested from the olfactory mucosa often
contain fibroblasts, glial cells, and other supporting cells while
those harvested from the olfactory bulb are not accompanied
by any supporting cells (Reshamwala et al., 2020). It was
unclear in OEC research whether or not fibroblasts, glial
cells, and other supporting cells, when taken with OECs from
the donor, positively or negatively impacted the transplant

Table 1 | Completed and ongoing clinical trials of neural stem cell therapy in spinal cord injury

No. of
Study title/ clinical trial patients Type of cells Route of Dosage/duration of Drop-out Adverse
identifier Phase recruited transplanted administration treatment Status rate Outcome effects
Study of human central /1 12 patients HUCNS-SC Intramedullary Single dose of cells ~ Completed 0 N/A N/A
nervous system stem cells (18-60 yr) transplantation of ~ (number of cells not (3/2011—
(HUCNS-SC) in patients HUCNS-SC available) followed by 6/2015)
with thoracic spinal cord immunosuppression
injury (NCT01321333) for 9 mon
Long-term follow-up /1 12 patients HUCNS-SC Intramedullary Single dose of cells  Terminated 0 N/A N/A
of transplanted human (18-65 yr) transplantation of  (number of cells not (11/2012—
central nervous system HUCNS-SC available) 6/2016)
stem cells (HUCNS-SC) in
spinal cord trauma subjects
(NCT01725880)
Study of human central Il 31 patients HUCNS-SC Intramedullary Single dose of cells  Terminated 0 N/A N/A
nervous system (CNS) (18-60 yr) transplantation of  (number of cells not (10/2014—
stem cell transplantation in HUCNS-SC available) 5/2016)
cervical spinal cord injury
(NCT02163876)
Dose escalation study of /Il 25 patients AST-OPC1 N/A One injection of Completed 0 N/A N/A
AST-OPC1 in spinal cord (18-69 yr) 2 million or 10 (3/2015-
injury (NCT02302157) million AST-OPC1, 12/2018)
or 2 injections of 10
million AST-OPC1 for
a total of 20 million
cells
Safety study of human | 8 patients Human spinal Surgical Human spinal Ongoing N/A N/A N/A
spinal cord-derived neural (planed) cord stem cell implantation cord stem cell (8/2014—
stem cell transplantation (18-65 yr) implantation (number 12/2022)
for the treatment of of cells not available)
chronic SCI (NCT01772810)
Safety stem cells in spinal | 10 patients Neuro-Cells  Intrathecal Single dose of Neuro- Ongoing N/A N/A N/A
cord injury (NCT04205019) (planed) administration of  Cells (number of cells (11/2020-
(18-40 yr) Neuro-Cells not available) 3/2022)
Clinical study of an 1/m 70 patients Neuro-Cells  N/A Single dose of Neuro- Ongoing N/A N/A N/A
autologous stem cell (planed) Cells (number of cells (6/2021—
product in patients with (18-65 yr) not available) 12/2022)

a (sub)acute spinal cord
injury (NCT03935724)

AST-OPC1: Oligodendrocyte progenitor cells; HUCNS-SC: human central nervous system stem cells; N/A: not available. Data were collected from https://

clinicaltrials.gov/.
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outcomes. Reshamwala et al. (2020) concluded that olfactory
bulb-derived OECs had better outcomes of transplantation
when harvested directly from the olfactory bulb without the
accompanying cells and fibroblasts. When OEC transplantation
is successful, OECs have been shown to improve recovery
of proprioception in animal models with reapposed dorsal
roots after brachial plexus avulsion injuries (Ahuja et al.,
2017). Direct transplantation of OECs to the spinal cord can
improve OEC efficacy and decrease time of action, however,
transplantation can sometimes cause further damage to the
surrounding tissues counteracting the neurotropic effects of
OECs.

Zhang et al. (2019) studied the effectiveness and feasibility
of IV transplantation of OECs in rats. OECs were labeled
with quantum dots (combined with calcein acetoxymethyl
ester) and their biodistribution was tracked using an
Olympus confocal fluorescence imaging system. They noticed
accumulation of labeled OECs at the site of SCI happened
in as soon as 10 minutes and peaked at 7 days. Motor
function, neural growth, remyelination, all improved with IV
transplantation in comparison to the group only injected with
guantum dots. Inflammation was reduced as well.

As researchers better understand OECs mechanism of action
for neuronal support and repair, the study by Chen et al.
(2020) may be insightful. Chen et al. (2020) studied how
2-methoxy-1,4-naphthoquinone, a natural compound isolated
from Impatiens balsamina and Impatiens glandulifera, affects
the proliferation, migration, and phagocytic activity of OECs
in mice. Using fluorescent cell markers, flow cytometry, and
fluorescence microscopy, the study found this compound
increased proliferative, mitotic, and phagocytic activity of the
OECs. Chen et al. (2020) also identified the OEC gene Nrf2 as
the target of this compound.

Olfactory ensheathing cells have a promising outlook for
future SCI research because of their unique properties
and actions. Another unique property of OECs is their
lack of neoplastic transformation. Only 11 OEC tumors, all
benign, have been known to exist and they often resemble
Schwannomas (Murtaza et al., 2019). OEC’s low neoplastic
transformation rate was analyzed by Murtaza et al. (2019),
and the group determined it stemmed from their inherent
supportive, neurotropic, and phagocytic roles of OECs.

Further research on OECs must be done to understand exactly
how the supportive, neurotropic, and phagocytic mechanisms
work, however, there is a good amount of research showing
promising results for OECs as a viable treatment for SCI.

Biomaterial scaffold and stem cell transplantation in spinal
cord injury

In SCI, transplantation of stem cells alone is not enough to
promote regeneration of injured nerves due to the hostile
environment at the injured site of the spinal cord (Silvestro
et al., 2020). The extracellular environment plays a significant
role in controlling cellular behavior including cellular growth
and differentiation (Streuli, 1999; Sharma et al., 2020a,
2020b). Transplanted cells can survive and differentiate into
desired cell types in the presence of a suitable extracellular
environment. Many different types of scaffolds, made up
of natural matrix, like matrigel and its components such as
collagen, laminin, fibronectin or artificial biomaterials have
been studied in transplantation experiments (Hwang et al.,
2008; Madaghiele et al., 2008; Katoh et al., 2019; Wang et
al., 2020). Transplantation of collagen scaffold modified with
N-cadherin (Liu et al., 2020b), mixture of primary NSCs and
matrigel (Wang et al., 2020), collagen/silk fibroin 3D-scaffold
along with NSCs (Jiang et al., 2020) into complete transected
rat spinal cord showed comparable outcomes following SCI in
rodents.

Artificial biomaterial substrates such as chitosan, agarose,
polymethacrylamide, polylactic co-glycolic acid etc. have
been studied as scaffolds to treat SCI (Li et al., 2019;
Ham et al., 2020; Jiang et al., 2020; Kim et al., 2020; Ma
et al., 2020; Zhang et al., 2020a; Zhong et al., 2020b).
These studies showed significant locomotor recovery and
formation of microvascular structure (Zhong et al., 2020b),
reduced inflammation and glial scar formation, increased
density of axons growing into the injury site, and improved
neurovascular interaction between microvessels and host
axons (Tran et al., 2020). Ji et al. (2020) reported scaffold
transplantation induced alleviation in pathological changes
such as smoother spinal cord, less scar tissue and lower
inflammatory activity in SCI after transplantation of silk
fibroin/chitosan scaffold in combination with adipose-derived
stem/stromal cells over expressing brain-derived neurotrophic
factor and neurotrophin-3.

Inflammation is an important player that inhibits endogenous
NPC migration and their differentiation into neurons at the
injured site in SCI. A recent study by Ma et al. (2020) has
shown that inhibition of microglia/macrophage-mediated
inflammation promotes neurogenesis of endogenous
NPCs and improves functional recovery. Transplantation of
methacrylated gelatin hydrogel scaffold coupled with colony
stimulating factor 1 receptor inhibitor in the mouse spinal
cord with complete transection produced significant reduction
of CD68-positive microglia/macrophages and mRNA levels
of pro-inflammatory factors, and increase in the number of
neurons in the lesioned area (Ma et al., 2020).

In a recent study, Deng et al. (2020) have reported
encouraging results of animal experiments and a phase |
clinical trial. Transplantation of collagen scaffold and human
umbilical cord mesenchymal stem cells in acute spinal cord
injury in rats and dogs demonstrated significant motor
function recovery shown by the Basso, Beattie, Besnahan
locomotor scale in rats and the Olby scoring scale in dogs.
Neurological function was also enhanced in both species after
8 weeks and 6 months of the transplantation, respectively.
In a phase | clinical trial conducted by the same group,
transplantation of human umbilical cord mesenchymal stem
cells and collagen scaffold in patients with acute complete
cervical cord injuries showed increased sensory and motor
functions measured by the American Spinal Injury Association
scores and the activities of daily life scores during 12 months
follow up (Deng et al., 2020). The patients also restored bowel
and urinary function, and formed new neural connections
shown by magnetic resonance imaging.

While the aforementioned studies have shown promising
results, they have failed to report long distance regeneration
of motor nerves that cross the lesion gap in complete SCI
model after the transplantation of scaffolds along with stem
cells. A recent study by the Mark Tuszynski group showed a
remarkable regeneration of host axons into the transplanted
3D biomimetic scaffold and readily passed across host/scaffold
interfaces (Koffler et al., 2019). This study along with others
(Spilker et al., 2001) suggest that longitudinal channels are
important structures in 3D biomimetic scaffolds for extensive
regeneration of host axons to cross the lesion site, and linear
growth of grafted cell-derived axons out of the scaffold.

Biocompatibility and slow biodegradation are essential
requirements for in vivo application of artificial scaffolds.
Zhang et al. (2020a) have reported about 60% degradation
of a composite hydrogel within 21 days of subcutaneous
transplantation in rats. Koffler et al. (2019) have also
reported 49% reduction in the thickness of the scaffold wall
compared with pre-implantation size 6 months after the
scaffold transplantation in SCI rats. These results suggest that
hydrogel-based biomaterials could be advantageous for SCI
therapy.
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Exosomes for spinal cord injury repair

Exosomes are membrane bound vesicles 30—150 nm in
diameter released by various cells and can carry intracellular
contents including proteins, lipids, mRNA, and microRNA
(Tkach and Théry, 2016). Several studies have reported
the importance of micro RNAs (miRNA) in SCI. miRNAs
are small noncoding RNAs that regulate RNA silencing
and post-transcriptional modification of gene expression.
More importantly, miRNA-126 has been shown to promote
angiogenesis and reduce inflammation after SCI. Recently,
Huang et al. (2020) used MSC derived exosomes to deliver
miRNA-126 to cure SCI in rats. Administration of exosomes
derived from miRNA-126 transfected MSCs promoted
angiogenesis and neurogenesis at the injury site of SCI.
Further, their results showed that miRNA-126 treated animals
with SCI had increased Bax and caspase-3 expression and
increased Bcl2 expression, suggesting that miRNA-126 loaded
exosomes inhibited apoptosis.

Zhong et al. (2020a) have reported the effect of exosomes
derived from neural stem cells on angiogenesis in SCI in rats.
NSC-derived exosomes promoted angiogenesis at injured area
of the spinal cord by upregulating vascular endothelial growth
factor-A.

On site delivery of exosomes was shown to be an efficient
strategy of exosome delivery in SCI. In a study by Li et
al. (2020c), transplantation of MSC-derived exosomes
immobilized in a peptide-modified adhesive hydrogel in rat SCI
resulted in neural and bladder function recovery after 28 days
of transplantation.

Other exosome delivery methods also show promising
results. Intravenously injected exosomes derived from MSCs
transfected with miRNA-544 into SCI in rats showed neuronal
functional recovery and reduced inflammation following
SCI (Li et al., 2020a). A study using SCI model reported that
exosomes derived from MSCs under hypoxia promotes
functional recovery following SCI in mice (Liu et al., 2020a).
They claimed the functional recovery following SCI was
possibly due to microglial polarization shifting from M1 to M2
phenotype by hypoxic exosomes (Liu et al., 2020a). A similar
study by Shao et al. (2020) has shown that exosomes obtained
from adipose tissue-derived MSCs under hypoxic condition
were more effective in functional recovery following SCl in
rats compared to the exosomes derived from the MSCs under
normoxic conditions. Luo et al. (2020) reported the potential
effect of G-protein-coupled receptor kinase 2 internalizing
protein 1 (GIT1) overexpressing exosomes derived from MSCs
on functional recovery following SCI in rats. G-protein-coupled
receptor kinase 2 internalizing protein 1 is involved in cell
spreading, adhesion and migration, synaptic formation, and
cytoskeletal organization.

Exosomes derived from bone marrow-derived MSCs were
found to enhance LC3IIIB and Beclin-1 autophagy-related
proteins (Gu et al., 2020). Further, there was a decline in the
expression of caspase-3 and upregulation of Bcl-2 (Gu et al,,
2020). These results suggest that BM-MSCs derived exosomes
can prevent neuronal apoptosis following SCI.

Epidural stimulation to treat spinal cord injury

Both preclinical and clinical studies on epidural electrical
stimulation (EES) of spinal cord have shown encouraging
sensory and motor function improvement following SCI.
After the first clinical study by Harkema et al. (2011), small
number of clinical trials have been conducted on testing EES
in SCI. Although precise mechanism of action of EES has not
been reported, a recent study by Ghorbani et al. (2020) have
shown the activation of Wnt signaling cascade after EES in rat
models of SCI. Another preclinical study by Li et al. (2020b)
have shown that EES of spinal cord promotes oligodendrocyte
survival and enhance differentiation of oligodendrocytes

by downregulating bone morphogenetic protein 4 and
p-Smad1/5/9. Several studies have demonstrated the
regulation of oligodendrocyte development by Wnt signaling
(Shimizu et al., 2005; Dai et al., 2014).

There are some complications for EES reviewed by Taccola
et al. (2020). Transplanted epidural electrode may not
be effective over long period of time due to formation
of encapsulating mass formed by glial cells and fibrous
connective tissue around the transplanted electrode. Further,
the electrode may get displaced from its transplanted site
causing infection and even injury to the spinal cord. Important
barriers for implementation of EES in SCI patients include
need for more studies confirming the efficacy of EES, lack of
clear stimulation guidelines, and selection of patients with SCI
for EES (Taccola et al., 2020).

Brain-computer interfaces

Research regarding brain-computer interfaces (BCls) for
the management of spinal cord injury has shown promising
results in restoring both gross and fine locomotion in
paralyzed patients. BCls seek to decode motor or cognitive
intentions from the brain and translate the intentions to an
effector: a mouse cursor on a screen or a robotic arm for
example (Jarosiewicz et al., 2015). A BCl apparatus involves
the following: electrodes placed directly on the brain tissue
or in the epidural, subdural, or subarachnoid spaces, a device
containing neural mapping algorithms known as a decoder,
and an effector that the SCI patient would like to control
(Jarosiewicz et al., 2015). The decoder uses a pre-made
algorithms to translate specific patterns of cortex excitement
into a meaningful signal for the effector. In certain scenarios,
presumably when use of electrodes is contraindicated,
real-time magnetic resonance imaging is used in place of
electrodes to map blood-oxygen levels in the brain to transmit
a signal to the decoder (Zheng et al., 2020). Yang et al. (2020)
reviewed multiple clinical studies where BCls helped to
momentarily restore locomotion to limbs. There was a clinical
study where two quadriplegic patients were able to control
and perform 3D movements like grasping and stretching using
a robotic arm connected to a BCl successfully (Yang et al.,,
2020). A study showed that patients successfully controlled an
exoskeleton through an epidural wireless BCl (Benabid et al,,
2019).

Results from various clinical studies of BCl and locomotor
improvement are nothing short of astounding. However, each
study seems to encounter the same problem—nonstationarity.
Because of the inherent plasticity of the brain, signals received
by the decoder for a particular movement change over time
(Jarosiewicz et al., 2015). This leads to decreased accuracy of
the movement by the BCl and therefore constant recalibration
of the decoder is required to account for nonstationarity.
Recalibration of the decoder often has to be done every
few minutes, making BCls impractical for real world use.
Calibration of the decoder involves statistically modeling
neural activity and movement intention by having the patient
imagine moving the effector from one predetermined
location to another (in the case of a mouse pointer from one
location on the screen to another) (Jarosiewicz et al., 2015).
Jarosiewicz et al. (2015) studied the effects of calibrating the
decoder in a different way from previous BCI studies. They
used a technique called retrospective target interference. In
retrospective target interference, the patient decides where
and when they would like to move the effector as opposed to
following predetermined locations in the standard calibration
technique. Therefore, researchers retrospectively infer the
patient’s intended movement. The research group found
they were able to recalibrate the decorder anywhere from
2.2 to 94.5 minutes compared to the standard recalibrating
procedure of 5.5 to 45.8 minutes (Jarosiewicz et al., 2015).
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Very promising results of BCl as a modality to manage SCI
have been shown by multiple studies. With further research
into the effects of nonstationarity on the accurancy of BCI
coordinated movements, this modality may become a viable
means of restoring a meaningful quality of life to those who
suffer from SCI.

Future Directions

With each treatment modality in the adolescent stages of
research, further data collection must be done in order to
understand how each treatment affects the SCI recovery
process. Understanding the mechanism of action behind
each modality may be beneficial not only to the field of SCI
research, but also to research regarding peripheral nervous
system injuries. A study by Zhang et al. (2020b) looked at
the potential benefit of combining OECs and mesenchymal
stem cell exosomes for sciatic nerve injury recovery in rats.
Nerve injuries often result in hypoxic environments which are
deleterious to OEC survival. They found combining human
umbilical cord-derived mesenchymal stem cell exosomes with
OECs improved survival of OECs in the hypoxic environment
by 1.76 to 4.62 fold. Sciatic nerve conduction improved and
the rats showed increased motor and sensory function based
on an increased score on the Sciatic Function Index (Zhang et
al., 2020b).

Furthermore, understanding the signaling activation of
different stem cells may prove beneficial if researchers would
like to develop treatments that mimic different aspects of the
OEC-mediated olfactory regeneration process. For example,
macrophage migration inhibitory factor and its binding
partner HTRA1 were found to not only minimize macrophage
population of the olfactory nerves, but also promote OEC
phagocytosis of neural debris. Migration inhibitory factor
inhibits HTRA1 to influence migration and proliferation of
OECs (Wright et al., 2020) .

Another potential area of study would be combining different
modalities to see if there is an increase in efficacy over a
singular modality. Using methylprednisolone with Rho-Rock
inhibitors may prove to be more effective than simply using
Rho-Rock inhibitors alone for SCI treatment. Exosomes and
artificial scaffolds may be a great delivery system not only for
biomolecules, but also for pharmacologic options. In addition,
electrical stimulation of the spinal cord may be combined with
the variety of stem cell therapies to promote the crosstalk
between the grafted cells and the host cells to greatly facilitate
functional recovery. Table 2 listed the clinical trials of the
current pharmacological and non-pharmacological therapies
for the spinal cord injury patients.

Table 2 | Clinical trials of pharmacological and non-pharmacological therapy in spinal cord injury

Number of
Number of patients positively
Type of patientsin  Period of affected by No. of
Therapeutic agent  Clinical Trial ID Clinical trial name clinical trial  trial treatment Dosage treatment Adverse effects dropouts
Methylprednisolone  NCT00004759  Methylprednisolone Multi-center, 497 (14 yr 24 h (166 patients) All patients ASIS scores were  Pneumonia, sepsis, 12
given by 24-Hour double-blind and older) or48h (167 received IV boulus measured at 6 wk, gastrointestinal patients
or 48-Hour Infusion patients) dose of 30 mg/kg 6 mon, and 1 yr hemorrhage, death for both
Versus Tirilazad for The treatment was before treatment post treatment. 9 patients showed 24- and
Acute Spinal Cord started within 8 h 24 h period For both the 24 pneumonia at 6 wk 48-h
Injury of the insult. patients received and 48 h duration, 4 patients showed treatment
The remaining 166 IV infusion at 5.4 patients showed  sepsis at 6 wk durations
patients received  mg/kg/h increased ASIS Exact number for
tirilazad mesylate 48 h period scores at each Gl hemorrhage
patients received time interval were not reported
IV infusion at 5.4 10 patients had
mg/kg/h died within 1 yr of
treatment
Therapeutic PMID: Local cooling for N/A 20 4 h (started within Dural temp 12 patients N/A 0
Hypothermia 24628130 traumatic spinal cord 8 h of SCI) cooled to 6°C showed ASIA
injury: outcomes using suspended improvement
in 20 patients extradural saddle
and review of the
literature
Rho-Rock Inhibitors  NCT02669849  Study to assess the  Multi-center, 70 N/A 3or9mgof VX- N/A N/A 44 (as of
efficacy and safety  double- blind, VX-210 was given 210 January 4,
of VX-210 in subjects placebo within 72 h of 2021)
with acute traumatic controlled insult
cervical spinal cord
Injury
Epidural Stimulation- NCT02339233  Epi Stim to Facilitate  N/A 1 Stimulation lasted  Stimulation 1-patient was Minor irritation 0
Harkema's Study Standing and 40 to 120 min amplitude-0.5 to able to dorsiflex  at electrode
Stepping 10.0V their ankle and implant site, minor
stimulation even gained some paresthesias
frequency-5to  control of bowel
40 Hz and bladder
function
Brain-Computer 1. 1. BrainGate2: N/A N/A N/A N/A N/A N/A N/A
Interfaces NCT00912041  Feasibility Study

2. of an Intracortical

NCT02550522  Neural Interface
System for Persons
With Tetraplegia
2. Brain Computer
Interface:
Neuroprosthetic
Control of a
Motorized
Exoskeleton (BCI)

ASIA: American Spinal Injury Association; IV: intravenous; N/A: not available; SCI: spinal cord injury. Data were collected from https://clinicaltrials.gov/.
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Conclusions

There is a plethora of promising research currently being done
to combat the devastating impact of SCI. However, a majority
of the research is still in its adolescent stage and positive
clinical outcomes have yet to be demonstrated. Moreover,
there is a lack of research to explore the effects of combining
different modalities that may produce larger, synergistic
benefits to the patients. More data need to be collected
before the aforementioned modalities can be considered
viable treatment options.
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