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NEURAL REGENERATION RESEARCH 

Multimodal treatment for spinal cord injury: a sword 
of neuroregeneration upon neuromodulation

Introduction
Spinal cord injury (SCI) is a severe neural trauma that, de-
pending on the damaged segment and severity (Tanabe et 
al., 2019), is classified into complete and incomplete SCI. 
Approximately 42% of patients with SCI have complete dys-
function without any movement or sensation below the site 
of injury. Interestingly, only 14.3% of all SCIs are believed to 
be anatomically complete injuries, while the remainder of 
SCIs are considered as an incomplete functional deficiency 
with a few spared connections that could be established un-
der proper interventions (Kakulas, 2004). 

Neurogenesis and neuroregeneration are two of the most 
important scientific directions in neuroscience of the 21st 
century. In the past two decades, research on neurogenesis 

and neuroregeneration has significantly improved our un-
derstanding of the neural repair of central nervous system 
(CNS) injuries (Wagner et al., 2018; Rezaei Haddad et al., 
2019; Staudt et al., 2019). However, the efficiency of func-
tional restoration and reconstruction remains a worldwide 
issue, and could involve relationships between the microen-
vironment (Lukovic et al., 2015), exogenous neural stimu-
lation (Yang et al., 2015a), and exogenous/endogenous cell 
resources (Bellenchi et al., 2013). Neural circuits could act as 
a bridge between neuronal activations and functions. A neu-
ral circuit is a fibrous connection between specific neurons 
in functional areas of the cortex, and motor and sensory 
neurons in the spinal cord. Neural circuit reconstruction is a 
long-term process and a primary goal of nerve repair and re-
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generation (Priori et al., 2014). Neural circuit reconstruction 
also aims to achieve functional reconstruction after nerve 
damage (Angeli et al., 2014).

In the field of neuroregeneration, nerve repair of SCI is 
still considered to be a major challenge. SCI is a severe and 
complicated clinical condition that mostly results from acci-
dents during work, recreational activities, or in motor vehi-
cles (Armour et al., 2016), and can be classified into primary 
and secondary injuries. A primary injury results in varying 
degrees of neuronal and glial cell necrosis, apoptosis, axonal 
rupture, demyelination, glial scar formation, impaired neu-
rotransmission, and inflammation (Ahuja et al., 2017). This 
seriously affects spinal cord function in the early stage of 
SCI. A secondary injury coexists with the regenerative pro-
cess of the myelin sheath, vasculature, endogenous neural 
progenitor/stem cells (Ramadan et al., 2018), and axons (Oy-
inbo, 2011). To date, SCI is considered extremely difficult to 
treat. Therapeutic options include surgical decompression, 
anti-inflammatory drugs, hyperbaric oxygen therapy, and 
rehabilitation interventions. Despite the intensive rehabili-
tation programs carried out in hospitals worldwide, SCI is 
still associated with a high disability rate. The main issue is 
how to induce activations or reorganization in the remaining 
neural network and axonal regeneration, which occur within 
the weak innate regeneration ability of neurons (Fagoe et al., 
2014), the cellular microenvironment with immune cell infil-
tration, microglial activation, and inhibitory effect of myelin 
debris to the injured CNS (Lang et al., 2015). 

The nerve microenvironment is composed of neurons, 
axons, dendrites, glial cells, myelin, the cell matrix, and neu-
rotransmitters, and is regulated by various nutrient factors 
and secreted cytokines. The microenvironment supplies 
neural stem cells (NSCs) with the fundamental substances 
required for nerve growth; therefore, it is important to op-
timize the environment in which neurogenesis takes place. 
Usually, the CNS lesion area of acute SCI is an inflammatory 
and inhibitory microenvironment that contains inhibitors 
for axon regeneration and repair, such as myelin and my-
elin-associated glycoprotein, reactive astrocytes and microg-
lia, and infiltrated macrophages, which form glial scars at 
the damaged site (Rodriguez et al., 2014). This inhibits axon 
regeneration and limits the capacity of activated NSCs to dif-
ferentiate into neurons and establish nascent neural circuits 
(Lukovic et al., 2015; Ramadan et al., 2018). In addition, the 
water content of the area of the injured spinal cord increases 
with the increasing level of Ca2+ and decreasing level of Mg2+ 
(Kim et al., 2017). Given these conditions, neurogenesis and 
neural regeneration are limited and additional resources are 
needed to facilitate functional recovery in acute or chronic 
SCI. It remains unclear how to adjust the microenvironment 
such that it contributes to nerve growth and function and 
maintains basic substances for microcirculation and metab-
olism. Many previous attempts have been made to eliminate 
external factors to enhance axon regeneration; however, no 
satisfactory treatments have yet been developed. Conse-
quently, internal factors are receiving more attention. It has 
been reported that several cell-derived molecules, such as 

the mammalian target of rapamycin, Krüppel-like factors, 
RhoA, cAMP, and the phosphatase and tensin homolog, 
play essential roles in determining the potential for neuronal 
growth (Wilems et al., 2015; Nguyen et al., 2018). 

After SCI, the upper motor neurons lose feedback of the 
afferent signal, and the output signal is lost or terminated at 
the proximal end of the injured level; this results in an inter-
ruption of the neural pathway that controls movement. Also, 
signal transduction, axonal growth, and myelination are 
disrupted; this inhibits the recovery of spinal cord function 
(Sonksen and Hillier, 2010), which is largely determined by 
neural circuit reconstruction. The goal of neural circuit re-
construction in SCI is to achieve recanalization of the neural 
pathway after disruption of the upper and lower nerve fiber 
conduction bundles, as well as functional remodeling of au-
tonomous and involuntary movements, shallow sensation, 
proprioception, and autonomic nerves.

Traditionally, spinal nerve cells are considered to be highly 
differentiated cells that do not have the ability to undergo 
mitosis. However, modern theories have proposed that, after 
SCI, ependymal cells in the central canal can be reactivated 
to produce cell types for repair (Bauchet et al., 2013), and 
spinal progenitor cells can proliferate and generate mo-
tor and interneurons. Both proliferation and an influx of 
ependymal cells are observed following SCI (Chara et al., 
2014). Moreover, the axon-side expenditure bud regenerates 
and extends to the corresponding target cells by forming 
synaptic connections, which fully or partially restores target 
cell innervation. In particular, synaptic regeneration and ax-
onal regrowth play a crucial role in the effective recovery of 
SCI (De Miguel et al., 2012). Considering this, neural circuit 
reconstruction does not only represent the growth of new 
nerves, but also stimulates or mobilizes potential nerve fibers 
to function or to strengthen the existing neural network. 

In recent years, a number of translational research studies 
in areas such as stem cell transplantation and brain-comput-
er interfaces have aimed to restore sensorimotor function 
following SCI (Shaked et al., 2010; Salisbury et al., 2016). 
However, these scientific explorations are still in progress 
(Doulames and Plant, 2016; Wagner et al., 2018). This review 
focuses on the relatively new field of multimodal neuromod-
ulation techniques that combine personalized rehabilitation 
strategies as a novel means to enhance neural circuit recon-
struction, thus achieving neuroregeneration and functional 
motor recovery in SCI. This review also provides a discus-
sion on the effect of endogenous and exogenous NSCs on 
neurogenesis in SCI. It is of vital importance to provide a 
new framework for exploring the diverse and integrated re-
habilitation for functional recovery after SCI. 

Search Strategy
We conducted a PubMed search for patients with SCI/an-
imal models of SCI, neurogenesis/neuroregeneration, and 
neuromodulation strategies and their outcomes. General in-
formation on neuromodulation for SCI was searched using 
the term “SCI” in combination with the desired term (e.g., 
“magnetic stimulation”). To explore the existing rehabili-
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tative paradigms in more depth, the term (e.g., “voluntary 
wheel training”) was combined with the term “SCI”. Publica-
tions on neurogenesis and neuroregeneration were sourced 
by combining these two terms with the term “SCI”. The rele-
vance of identified publications was verified by checking the 
presence of search terms in the title, abstract, and key words. 
We focused on general rather than recent findings wherever 
possible.

Neuromodulation Induces Neuroregeneration 
and Neural Repair in SCI
Due to the development of medical biology and medical 
engineering technology, neuromodulation has been the 
fastest-growing discipline in the field of medical sciences 
over the past couple of decades. Neuromodulation has the 
potential to induce enormous and subversive changes in the 
treatment of several nervous system disorders (Staudt et al., 
2019), but it can also affect any organ and tissue in the body. 
Moreover, the development of neuromodulation technology 
has had a profound and lasting impact on functional neu-
rosurgery. One example is the replacement of ablative tech-
niques, such as stereotactic radiofrequency ablation, with 
deep brain stimulation (Bilge et al., 2018; Jakobs et al., 2019; 
Rezaei Haddad et al., 2019).

At the neuroscience level, the broad definition of neuro-
modulation is the treatment pattern that achieves therapeu-
tic effects by altering the function or state of the nervous sys-
tem, either electrically or chemically (De Ridder et al., 2017). 
Specifically, it is the method of generating therapeutic effects 
on influencing signal transmission in the nervous system, 
including excitation, inhibition, and regulation of neuronal 
and neural network activities (Blackmore et al., 2019) by 
implanted or non-implantable devices that use electrical or 
chemical methods.

Neuromodulation includes invasive neuromodulation and 
noninvasive neuromodulation. Invasive neurological regula-
tion includes brain deep stimulation, spinal electrical stimu-
lation, dorsal root ganglion stimulation, and drug pumping. 
The stimulation technology has gradually replaced invasive 
surgery, and has the advantages of being minimally invasive, 
reversible, and controllable (Shah and Padalia, 2019); this is 
the case for, for example, drug pumps, which use intramus-
cular drug release technology to inject into the nervous sys-
tem, providing a precise targeted treatment for therapeutic 
purposes. 

Noninvasive neuromodulation includes peripheral nerve 
stimulation, vagus nerve stimulation, transcranial magnetic 
stimulation, transcranial electrical stimulation, transcranial 
focused ultrasound stimulation, and optogenetic stimula-
tion (Blackmore et al., 2019). Noninvasive magnetic and 
electrical stimulation technology has been safely applied 
in clinical practice and has achieved therapeutic effects in 
many neuropsychiatric diseases (Concerto et al., 2015; Lanza 
et al., 2018; Wessel and Hummel, 2018). In the early stage 
of disease, the application of magnetic neuromodulation 
reduces the imbalance of calcium and magnesium ions that 

is seen after SCI, thereby reducing secondary spinal edema 
and inhibiting blood flow loss (Tekieh et al., 2016). In the 
recovery of an injury, magnetic neuromodulation can also 
regulate neurotrophic factors such as nerve growth factor 
and brain-derived neurotrophic factor (BDNF), as well as 
nerve growth-related genes (e.g., c-fos), glial cells, and cell 
withering, thus creating a microenvironment that alleviates 
secondary damage and has a beneficial effect on nerve repair 
and regeneration (Yao et al., 2008; Luo et al., 2017a). 

Neuromodulation is a broad term that refers to multiple 
components of plasticity, which can act on diverse regula-
tory mechanisms and produce different behavioral results. 
The mechanisms underlying the efficacy of electromagnetic 
stimulation techniques have been demonstrated to involve 
neural plasticity or neural circuit reconstruction, activation 
of neurons and nerve conduction, regulation of the nervous 
system microenvironment, and gene regulation (Feng et al., 
2014; Cantone et al., 2017). The selection of different stimu-
lation targets, such as cortical, subcortical, and spinal targets, 
depends on the initial pathological process and downstream 
effect on neural synapses, pathways, and circuits. Nonin-
vasive strategies to study the mechanisms underlying the 
neurogenesis of stem cells will aid the development of future 
studies and therapies to improve the overall use of NSCs in 
the treatment of SCI.

Although a growing number of studies have highlighted 
the potential of magnetic/electrical neuromodulation for 
both the healthy and the sick (Coffman et al., 2014), the un-
derlying mechanisms of neural circuit reconstruction follow-
ing magnetic/electrical neuromodulation remain unknown. 
However, magnetic and electrical neuromodulation has been 
found to serve as useful neuromodulation techniques to 
avoid neuronal dysfunction following SCI, as they can help 
to train spinal interneuron networks by enhancing afferent 
inputs (Dietz, 2010; Hubli et al., 2011). Furthermore, accord-
ing to metaplasticity theory, the morphology and function of 
a synapse can change over time in certain circumstances (e.g. 
nerve damage), whereby synapse connection strength can 
change. Therefore, to make the most of the feature or phe-
nomenon of synapses, multiple neuromodulation techniques 
could increase the chances of establishing connections of re-
maining nerve fibers to affect functional outcomes. It should 
be noted that longer interventions durations are required to 
achieve long-lasting effects and to detect possible mecha-
nisms of the therapeutic effect at the spinal cord level.

The variability in the efficacy of neuromodulation could 
be attributed to genetic features. In particular, the BDNF 
Val66Met polymorphism, a substitution of valine-to-me-
thionine at codon66 in the normal population, has been 
reported to enhance spinal plasticity and is associated with 
motor neuronal connections, multiple neuronal phenotypes, 
and motor cortex plasticity (Cardenas-Morales et al., 2014; 
Morin-Moncet et al., 2018). During transcutaneous spinal 
direct current stimulation for at least 15 minutes, a remark-
able leftward shift of the H-reflex recruitment curve was 
induced by the anode after offset in Val/Val individuals, but 
not in Met allele carriers (Jean-Charles et al., 2012). These 
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findings illustrate that the BDNF Val66Met genotype may 
significantly enhance spinal and synaptic plasticity in those 
recovering from SCI, and may lead to differences in the nat-
ural response to injury or disease of the spinal cord (Jean-
Charles and Maxwell, 2013). 

Transcranial Magnetic Stimulation and 
Neural Circuit-Magnetic Stimulation: Safety 
and Effects on SCI
Magnetic stimulation as an exogenous stimulus is a nonin-
vasive diagnostic and therapeutic technique that can cause 
excitability in certain electrically conducting tissues (Wag-
ner and Valero-Cabre, 2007). More than three decades ago, 
transcranial magnetic stimulation (TMS) was the first non-
invasive brain stimulation technique to activate the cortex 
(Barker et al., 1985). TMS has the ability to safely affect brain 
metabolism and nerve power (Du et al., 2018), based on the 
principle of using a time-varying magnetic field that acts on 
the cerebral cortex to produce an induced current that either 
changes the action potential of cortical neurons or modifies 
tissue excitability. Among the TMS-activated areas of the 
cortex, the motor cortex is the most frequently examined 
because it can cause muscle contraction. Recorded using 
electromyography, motor evoked potential is a well-recorded 
response and the simplest biomarker of individual motor 
excitability. In 1998, Kolosova et al. demonstrated in animal 
experiments that local magnetic stimulation can increase the 
regeneration rate of axons and promote the recovery of nerve 
function after injury. Its advantages of no pain, no damage, 
safety, reliability, and easiness to operate, mean that magnet-
ic stimulation has been increasingly applied in clinics. With 
the rapid development of neuromodulation, the influence of 
magnetic stimulation technology on nerve regeneration has 
attracted increasing attention. 

The effects of magnetic stimulation on cells are not caused 
by a single factor, but are associated with the stimulation 
parameters (e.g., magnetic field type, intensity, frequency, lo-
cation, amplitude, and duration) and the functional state of 
the stimulated cells. A single-pulse current has been found 
to activate neuronal action potentials, and a sufficiently 
strong TMS pulse over the motor cortex can induce muscle 
contraction and motor evoked potentials (Kremer et al., 
2016). Moreover, neuronal excitability, function, and behav-
ior can be altered by repeated pulses of TMS (rTMS) under 
the right conditions (Klomjai et al., 2015), and the effects 
can continue for hours after stimulation. Different rTMS 
and paired associative stimulation protocols in stimulation 
frequency, pattern, and location (Fernandez et al., 2018; Ross 
et al., 2018) can enhance or suppress neural activity beyond 
the stimulation duration. rTMS affects synaptic plasticity 
according to the principle of long-term potentiation and 
long-term depression, which involve modification of activity 
of the N-methyl-D-aspartic acid receptor systems (Zhang et 
al., 2015; Shang et al., 2016). rTMS also induces promotion 
(> 5 Hz) or inhibition (~1 Hz or < 5 Hz) of cortical regions 
according to the frequency of stimulation (De Pisapia et al., 

2018; Yang et al., 2018). In the study of Ljubisavljevic et al. 
(2015), the expression of 52 genes related to inflammation, 
neural protection, neural transmission, angiogenesis, injury 
repair, structural reconstruction, and neuronal plastici-
ty increased significantly after two weeks of intermittent 
theta-burst stimulation, but not after 1 or 5 Hz rTMS and 
continuous theta-burst stimulation. This indicates that 
stimulation frequency and/or stimulation pattern influence 
the stimulation effect. The duration of this modulation also 
varies, and the enhancement of cortical plasticity can be 
achieved with longer durations. The TMS-induced change 
in cortical excitability is key in such studies, because such 
changes are characteristic of SCI and normalization of excit-
ability reflects a better outcome. 

TMS produces an induced current in the cerebral cortex 
and acts on the upper motor neurons. The artificially induced 
action potentials are transmitted via the descending conduc-
tion beam and promote axoplasmic transport through the 
accumulation effect of repeated stimulation, thereby promot-
ing metabolism and growth, and stimulating neural plasticity 
to take effect on neuroregeneration (Yang et al., 2015a). One 
study found that exposure to very low frequency electromag-
netic fields could enhance synaptic transmission by increas-
ing the amplitude of post-tetanic potentiation, a short-term 
plasticity; the very low frequency electromagnetic fields could 
enhance the expression of voltage-gated calcium channels 
in presynaptic nerve terminals, mainly P/Q subtypes, and 
promote an increase in calcium influx, vesicle swallowing, 
and synaptic plasticity (Sun et al., 2016). Acceleration of en-
docytosis can increase synaptic strength and further regulate 
neuronal development, axonal branching, and refinement. 
Enhancement of post-tetanic potentiation can also lead to 
enhanced connections between neurons, which can further 
support neural circuits (Vyleta et al., 2016). These findings 
reveal an important regulatory role of magnetic fields in syn-
aptic transmission and CNS plasticity. 

When rTMS applied to two brain regions or the paired-
pulse of TMS to the sensory cortex is combined with an 
appropriately timed peripheral sensory stimulus (paired 
associative stimulation) (Catarina et al., 2013), it induces 
spike-timing dependent plasticity, an assessment of neuro-
plasticity (Feldman, 2012). Taylor and Martin (2009) were 
the first to demonstrate spike-timing dependent plastici-
ty-like changes of synaptic strength following correlational 
pre- and post-synaptic spiking in the spinal cord in control 
subjects (Figure 1). The authors showed that the size of cer-
vicomedullary motor evoked potentials increased when TMS 
over M1 region triggered repeated corticospinal activity con-
trolling the biceps brachii, which started 1–2 milliseconds 
earlier than antidromic motoneuronal activation, induced 
by maximal electrical stimulation on peripheral nerve. Nev-
ertheless, when presynaptic activation lagged behind post-
synaptic depolarization, the cervicomedullary motor evoked 
potential amplitude was decreased. These results demon-
strated that the presence of cervicomedullary motor evoked 
potentials measures spinal cord plasticity, such as cortico-
spinal transmission and excitability of spinal motoneurons 
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(Barthelemy et al., 2015). It is conceivable that other CNS 
structures, such as spinal cord circuits, can also be modulat-
ed by repetitive stimulation. In recent years, several studies 
have found that TMS and local magnetic stimulation of the 
damaged spinal cord can induce functional reorganization of 
neural circuits and promote the remodeling of nervous sys-
tem by stimulating the central pattern generator (Diaz-Rios 
et al., 2017). The central pattern generator can help strength-
en effective connections between the area and other struc-
tures or even regulate the function of the stimulated area to 
establish functional networks, which are conducive to motor 
function recovery (Stein, 2018). Furthermore, an electrical 
noninvasive electromagnetic field over intact vertebrae can 
effectively stimulate spinal circuits. Particularly, neurite out-
growth from spinal neurons and dorsal root ganglions can 
be promoted by a pulsed electromagnetic field in vitro (Sisken 
et al., 1984; Macias et al., 2000), with growth and regenera-
tion of nerve tissue in vivo at frequencies < 100 Hz and field 

strengths < 5 mT. 
Motor functional recovery from SCI relies heavily on the 

involvement of multiple descending motor pathways, one 
of which is the corticospinal tract. In a recent study, Chris-
tiansen and Perez (2018) demonstrated that using a targeted 
TMS protocol based on the principle of spike-timing depen-
dent plasticity could induce plasticity of residual corticospi-
nal projections and spontaneously increase motor output in 
patients with chronic incomplete SCI, thus enhancing motor 
function. According to animal experiments, magnetic stim-
ulation after SCI can protect spinal nerve tissue and promote 
the regeneration of nerve fibers to achieve nerve reinner-
vation of the damaged limbs. With the application of 10 Hz 
rTMS for 8 weeks, the movements of SCI rats with damage 
to the T10–11 segments were significantly improved, but this 
was not observed in rats with T4–5 injury; this improvement 
was associated with the density of serotonergic fibers in the 
caudal segments of the injured spinal cord (Anne-Lise et al., 

Figure 1 Change of synaptic plasticity in the spinal cord following a neuromodulation stimulation mode called spike-timing dependent 
plasticity.
When electrical impulses by transcranial magnetic stimulation over the M1 region passes through the corticospinal tract to the presynaptic mem-
brane of the downstream neuron in the spinal cord anterior horn controlling the targeted muscle, the glutamate released from the presynaptic 
membrane binds to the postsynaptic membrane of the motor neuron. After a delay of 1–2 ms, the electrical signal transmitted to the postsynaptic 
membrane generated from the electrical stimulus on the peripheral nerve forms an inverse synchronous stimulus at the anterior horn of the spinal 
cord. This inverse stimulus depolarizes the postsynaptic membrane and the Mg2+ block is removed with the Ca2+ influx through the N-methyl-D-as-
partic acid receptor. As a result, the change of intracellular Ca2+ concentration resulting from the Ca2+ influx reduces the excitability threshold of 
the postsynaptic membrane and enhances the induction possibility of long-term potentiation effects, with an increased motor evoked potential 
amplitude, as revealed by electromyography. Hence, spike-timing dependent plasticity with a synchronous stimulus in the anterior horn efficiently 
enhances synaptic plasticity in the spinal cord.
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2004). The authors suggested that the benefit of rTMS in low 
thoracic lesions could be derived from activating the central 
pattern generator, probably via descending serotonin path-
ways. Moreover, this effect could be a result of increased ex-
pression of Nestin in the damaged local spinal cord induced 
by magnetic stimulation therapy (Cullen and Young, 2016). 
rTMS can activate neurons in different horizontal levels, 
which not only causes biological effects, but also affects the 
local and functionally related distant cortical functions to re-
alize the regional reconstruction of cortical functions. More 
nerve impulses from the brain travel down the spinal cord 
to motor neurons and thus residual nerve fiber connections 
can be maximally used; this not only contributes to nerve re-
generation after SCI, but also enhances brain plasticity (Ya-
manaka et al., 2013). That study found that TMS can rapidly 
increase excitability in the M1 area of the cerebral cortex, 
which may contribute to motor learning and rehabilitation; 
TMS also enhanced cognitive ability by enhancing connec-
tions within functional networks, and promoting learning, 
memory, picture naming, analogy, reasoning, and decision 
making. Therefore, TMS has been widely used clinically for 
the rehabilitation of neurocognitive functions (Luber and 
Lisanby, 2014). 

Neural circuit reconstruction depends not only on local 
nerve regeneration, but also on effective stimulation of re-
maining nerve fibers in the damaged area to maximize their 
use. According to this theoretical framework, nerve circuit 
stimulation should not be limited to cortical stimulation; 
therefore, a single transcranial cortical target is not enough, 
and more multi-target, multimodal progressive repetitive 
intervention is needed for sensorimotor circuit reconstruc-
tion. Based on this principle, our team has been developing 
a neural circuit-magnetic stimulation protocol in patients 
with incomplete SCI facing the bottleneck period of rehabil-
itation. We have already witnessed some active movement 
restoration in the lower extremities. Although our stimula-
tion pattern is a nonsynchronous stimulation of the cerebral 
cortex and nerve roots, the M1 region is stimulated by inter-
mittent theta-burst TMS stimulation to achieve downward 
conduction of the corticospinal tract. In this case, the lateral 
corticospinal tract controls the motor neurons of distal mus-
cles of the limb to control voluntary movements. In addition, 
the corticospinal anterior bundle supports the trunk and 
the muscles at the proximal end of the limbs, and underlies 
posture maintenance and gross movement. After activation 
by the intermittent theta-burst stimulation of the motor cor-
tex, the root stimulation is given during the effective time of 
cortex activation. The sensory signal can be transmitted to 
the thalamus via the spinal thalamus bundle which, when 
stimulated, induces a subjective anesthesia sensation in pa-
tients. Simultaneously, the signal can be transmitted along 
the nerve root to the muscle at the distal end of the limb, 
which causes uncontrolled target muscle activity; when 
asked to perform active movements, patients perform better 
than before. Neural circuit-magnetic stimulation has started 
to be used in patients with SCI assessed by Grade C or D in 
a functional assessment of spinal cord injury by the Ameri-

can Spinal Injury Association (ASIA). Combining magnetic 
stimulation technology with rehabilitation tasks, the estab-
lishment of task-oriented functional magnetic stimulation 
rehabilitation has shown promising results. However, more 
accurate stimulation using neurophysiological assessment 
and neuroimaging techniques is required. 

Noninvasive electrical stimulation regulates neuronal 
activities to improve motor function
A few years after first application of TMS, transcranial direct 
current stimulation applied to the scalp started to be used, 
three decades ago. Transcranial direct current stimulation 
develops a constant electrical field between a cathode and 
anode electrode to prolong stimulus timing, thus making a 
greater impact on neuronal function and activating spinal 
neuronal circuitries, which is regarded as another noninva-
sive technique to effectively modulate brain and spinal cord 
excitability (Nitsche and Paulus, 2001; Nitsche et al., 2003; 
Ahmed, 2011, 2013; Alberto et al., 2015). Although tran-
scranial direct current stimulation cannot produce enough 
current to induce neuronal action potentials (Purpura and 
McMurtry, 1965), it can modulate ongoing neuronal activity 
(Fujiwara et al., 2011) and prolong focal shifts in cortical 
activity. The placement of the electrode over the targeted 
region determines whether the activity elicited will be excit-
atory or inhibitory. For example, when placing the anodal 
electrode over the motor cortex, there is an excitation shift 
below the electrode, and cathode electrode induces an inhi-
bition change in the cortex. Polarity from the two electrodes 
exerts an enormous impact on the transcranial direct current 
stimulation; anodic stimulation generally contributes to cor-
tical excitability of the underlying tissue (Rawji et al., 2018), 
and cathodal stimulation increases the circular threshold of 
neurons (Murray and Knikou, 2019). Transcutaneous spinal 
direct current stimulation generates a constant low-intensity 
direct current that ranges from 1.5–2.5 mA over the spinal 
cord, through a pair of sponge electrodes (one over the spi-
nal cord and the other over the right arm for reference), the 
effects of which can last from minutes to hours (Lenoir et al., 
2018; Powell et al., 2018; Aplin and Fridman, 2019). 

A previous study found that direct current stimulation 
acting on the whole spinal cord of mice can influence GAB-
Aergic and glutamatergic systems, and cathodal stimulation 
on mice is related to GABA and glycine receptors (Ahmed, 
2011). Furthermore, anodal spinal direct current stimulation 
reduced, while cathodal stimulus increased the glutamate 
analogue aspartate; this indicates that glutamate has an 
influence on the outcome of transcutaneous spinal direct 
current stimulation (Ahmed and Wieraszko, 2012). Hubli 
et al. (2013) found that anodal transcutaneous spinal direct 
current stimulation could regulate the spinal neuronal cir-
cuit excitability responsible for locomotion in complete SCI. 
Additionally, research has revealed that somatosensory, mo-
tor, and nociceptive spinal neuronal circuits in the human 
spinal cord can be affected by transcutaneous spinal direct 
current stimulation (Cogiamanian et al., 2012; Priori et al., 
2014). Likewise, some studies have also found that epidural 
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electrical stimulation can facilitate spinal sensorimotor net-
works to resume a strong and harmonious motor activity in 
paralyzed individuals who are functionally disrupted from 
brain to spinal cord due to SCI (van den Brand et al., 2012; 
Angeli et al., 2014). Gill et al. (2018) described a clinical case 
of complete sensorimotor paralysis of the lower limbs; epi-
dural electrical stimulation restored the ability to stand and 
control step-like activity when lying on the side and when 
placed upright in a body-weight support system. Moreover, 
transcutaneous electrical spinal cord stimulation can modu-
late excitability at various levels of the spinal neuraxis, rang-
ing from the cervical to the coccygeal cord levels, to facilitate 
motor function (Hofstoetter et al., 2013, 2014, 2015; Gerasi-
menko et al., 2015a, b, 2016; Minassian et al., 2016). Rath et 
al. (2018) demonstrated that using transcutaneous electrical 
spinal cord stimulation over the lumbosacral enlargement 
improved postural control of upright sitting more than 2 
years following the onset of complete or partial paralysis. 

Combined rehabilitation training accelerates functional 
recovery 
After the nerve conduction bundle or circuit has been ac-
tivated by neuromodulation, an intensive rehabilitation 
training is required for the following reasons: (1) follow-up 
cognitive motor rehabilitation training can actively interact 
with neuromodulation and maintain neural excitability; 
(2) a combination of neural regulation and training helps 
to consolidate the initial activation state and continues the 
treatment training mode to achieve circuit reconstruction. 
Although clinical and experimental studies have shown that 
rehabilitative training can accelerate motor function recov-
ery following brain injury and SCI, much remains to be dis-
covered, including the optimal timing and intensity, as well 
as the neuronal mechanisms underlying motor improve-
ments (Cote et al., 2017). 

After SCI, the terminal membrane structure of the dam-
aged axon actually has increased synaptic efficiency, axonal 
sprouting, and restarting of the latent pathway, such as vig-
orous metabolism and active growth. This suggests that the 
spinal cord has a certain degree of plasticity, which is the 
basis of neural circuit reconstruction. This injury-induced 
plasticity is called spontaneous plasticity. In addition, spinal 
plasticity can also be initiated by special forms of training 
called training task-dependent plasticity, which is induced 
by reactivation of the central pattern generator (Dunlop, 
2008) and reorganization of spinal neuron circuits. However, 
in contrast to the peripheral nervous system, axonal regen-
eration and regrowth through the injured areas of the spinal 
cord are hardly seen spontaneously in certain conditions 
because of limited plasticity, which is a characteristic of the 
reconstruction of spared connections and broken axons (Loy 
and Bareyre, 2019). Thus, it is important to determine how 
rehabilitation triggers increased sprouting and plasticity of 
axonal connections to regulate and enhance connections be-
tween the brain and spinal cord.

If a spinal cord lesion occurs on one side, reticulospinal 
tract projections of the contralateral brainstem could cross 

the midline to the injured area or contact double midline 
crossing intrinsic interneurons of the spinal cord to form a 
detour circuit that reconnects the brainstem motor center 
caudal to the lesion (Zörner et al., 2014; Filli et al., 2014). 
However, with rehabilitation and/or neuromodulation, the 
reticulospinal tract is more likely to form a cortico-reticulo-
spinal detour circuit to relay neural conduction, which in-
duces compensatory plasticity following SCI (Asboth et al., 
2018). 

Some studies have shown that spontaneous compensatory 
sprouting of the corticospinal tract fibers following injury 
could either be regulated by forced use of the denervated 
limb to cause the well-preserved fibers to play a compensato-
ry role (Weidner et al., 2001; Maier et al., 2008) or by the es-
tablishment of connections between injured axons and new 
partners (Lang et al., 2013). Ten days after injury, when the 
corticospinal tract fibers join the middle of the ventral gray 
matter rostral to the injured cervical spinal cord segment, 
the connecting pathway between the corticospinal tract and 
neurons of the long descending intrinsic tract of the spinal 
cord is initially formed; this process can be accelerated and 
enhanced by rehabilitation with irregular running wheels, 
as reported in a recent study by Loy et al. (2018). Within the 
first 3 to 4 weeks post injury, fiber growth and established 
connections with long descending propriospinal neurons are 
formed and subsequently refined. Moreover, if animals are 
constantly trained in irregularly-spaced running wheels for 
remodeling of the corticospinal tract, the connections be-
tween corticospinal tract fibers and long descending propri-
ospinal neurons and the number of propriospinal neurons 
are observed to be further increased over time. Similarly, 
a reinforced density and length of fibers around the lesion 
can also result from treadmill training and wheel running 
because of integral remodeling and local sprouting effects 
(Hayashibe et al., 2015). However, one study found that 
combined treatment with an electrochemical prosthesis in 
the lumbar spinal cord and treadmill rehabilitation restored 
stepping ability, even via all severed direct descending con-
nections with the brain; this was achieved by the formation 
of a corticospinal tract detour circuit with inherent spinal 
interneurons and neuronal re-wiring (Brand et al., 2012).

Voluntary wheel training on a flat surface wheel has been 
found to promote outgrowth of serotonergic tract fibers in 
incomplete SCI (Engesser-Cesar et al., 2007). Likewise, an 
irregular running wheel training paradigm was more recent-
ly found to increase connections between serotonergic fibers 
and cholinergic motoneurons in the lumbar spinal cord 
following incomplete SCI (Loy et al., 2018). Complete loss 
of central serotonergic inputs to spinal motor neurons was 
found to lead to paralysis after injury. Moreover, post-injury 
serotonin application and endogenous serotonin level resto-
ration has been found to facilitate the reconstruction of acute 
spinal networks, thus enhancing motor function (Gackiere 
and Vinay, 2014). Strikingly, it has been demonstrated that 
motor abilities can improve quickly with a combination of 
rehabilitation and serotonin agonists, and the rehabilitation 
effect persists for a longer time than serotonin treatment 
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alone (Ghosh and Pearse, 2014). 
Research studies have further indicated that exercise train-

ing may participate in the regulation of CNS regeneration 
and up-regulation of nerve growth factor and receptor ex-
pression, and may enhance the intrinsic regenerative capac-
ity and induce a beneficial effect on the regeneration micro-
environment (Kim et al., 2016). One study found that active 
rehabilitation training can increase the protein and mRNA 
expression of various neurotrophic factors and their recep-
tors, such as BDNF, nerve growth factor, and growth-associ-
ated protein-43 in SCI rats (Keefe et al., 2017). 

Rehabilitation is the process of retraining; task repetition 
facilitates plasticity, leading to reinforcement of one task and 
inhibition of others (Mawase et al., 2017). A recent study 
reported that after 43 weeks of multimodal rehabilitation, 
including dynamic task-specific training and epidural elec-
trical stimulation, humans with paralysis were able to step 
bilaterally on treadmill without trainer assistance or a body-
weight support system, and could step on the ground with 
trainer assistance at the hips and using a front-wheeled walk-
er to maintain balance (Gill et al., 2018). This reveals that 
spinal networks can be modified several years following SCI 
and can be generated from powerful spinal motor outputs 
such that patients can walk and stand independently. It has 
been suggested that multimodal rehabilitation promotes su-
praspinal-spinal connections to maintain functional reorga-
nization. Concerning neurorehabilitation, functional neuro-
imaging has shown that brain reactivation can be induced by 
mental imagery of sports, its observation, or passive training 
(Butler et al., 2011). Furthermore, electrophysiological study 
has confirmed the efficacy of traditional training. Thomas et 
al. (2005) investigated the effects of forced treadmill train-
ing in 10 patients with incomplete SCI. The authors found 
that the TMS-evoked motor evoked potential amplitude 
increased and was correlated with the degree of locomotor 
recovery. The optimal stage of SCI for rehabilitation remains 
a controversial topic.

Modern intelligent modulation technology promotes 
rehabilitation development
With the accumulation of clinical evidence and the need 
for more precise modulation, neuromodulation technology 
is facing many bottlenecks that require breakthroughs in 
theory and strong methodological foundations. Such issues 
include the optimal intervention time and the intensity of 
rehabilitation required to reinforce the neuromodulation 
effect. The combination of functional engineering and regen-
erative medicine is also indispensable to promote functional 
rehabilitation. With the advancement in our social and tech-
nological understanding, the treatment and rehabilitation 
techniques for post-traumatic motor system dysfunction 
have rapidly progressed. The use of tissue engineering and 
regenerative medicine for damage repair has become the fo-
cus of much attention, for example.

Robotic devices are now used in neurorehabilitation 
training. These have been shown to hold great promise, 
and can significantly reduce the load on therapists during 

ambulation training (Hussain, 2014). Robotic devices and 
other replacements may increase plasticity, particularly in 
sensory function, even many years after injury (Stevenson 
et al., 2015; Duret and Mazzoleni, 2017). However, patients 
with robotic-assisted Lokomat walking showed significantly 
higher quadriceps-hamstring activity in the swing-phase 
and reduced ankle flexor-extensor activity compared with 
treadmill ambulation, which suggests that forced robotic gait 
training may alter the natural patterns of muscle activation 
(Aurich-Schuler et al., 2017). A study by Rodgers et al. (2019) 
also supports this point; compared with conventional care, 
robot-assisted training and enhanced upper arm therapy did 
not significantly improve upper arm function after stroke, 
and the incidence of moderate to severe side effects was 
higher. The results of that study indicate that robotic-assisted 
training should not be used in clinical practice.

With the development of polymer materials technology 
and its integration into the biomedical field, micro-nano 
biomaterials are increasingly used in biotherapy. Protecting 
signal molecules, maintaining their stability, and transport-
ing them to target sites could hold potential for wound heal-
ing in the CNS, similarly the micro-nanoparticle systems in 
complete SCI (Santos et al., 2012). After injection of neuro-
trophin-3-coupled chitosan biomaterial into a completely 
severed rat’s thoracic spinal cord with a 5-mm gap, NSCs 
were attracted to the injured area by the biomaterial’s slow 
releasing neurotrophin-3, differentiated into neurons, and 
established functional neural networks (Yang et al., 2015b). 
The interconnecting ascending and descending axons and 
the nascent networks in the transection could contribute to 
sensorimotor behavioral recovery. Therefore, the biomaterial 
enhanced spinal cord regeneration by eliciting robust acti-
vation of endogenous NSCs, enhancing vascularization, and 
suppressing inflammatory immune responses. Moreover, the 
novel material helped to optimize the microenvironment 
for endogenous NSCs, such as CD133+ ependymal cells and 
their downstream lineage cells, transform these into new-
born neurons, and reconstruct a new neural synaptic net-
work (Duan et al., 2015). This study indicates that enhancing 
endogenous neurogenesis could represent an advanced strat-
egy for treating SCI. 

One study reported that a specially designed electrical 
stimulation technique allowed patients with SCI to stand up 
(Wagner et al., 2018). A brain-computer interface technolo-
gy developed in the United States has also been found to aid 
lower limb movements in patients with SCI (Salisbury et al., 
2016). Brain-computer interfaces can be self-regulated by 
electroencephalographic activity of the scalp, by an electrode 
inserted into the brain surface within M1 or subcortical 
structures (Sburlea and Muller-Putz, 2018), or by the blood 
oxygen level-dependent signal from real-time functional 
magnetic resonance imaging (Paret et al., 2019). Using an 
adapted information processing algorithm, an external de-
vice that provides suitable somesthetic, visual, and auditory 
feedback could be controlled by the conversion from electro-
physiological or hemodynamic input into an output. There-
fore, brain-computer interfaces make it possible to restore 
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communication to a certain extent in patients with severe 
paralysis (Pandarinath et al., 2017). Furthermore, one recent 
study introduced a new deep neural network that decodes 
the framework for brain-computer interface systems; this 
achieves discrete movements with high precision, minimal 
daily setup, short response times, and functional variety (Le-
cun et al., 2015; Schwemmer et al., 2018). Combined with an 
updated procedure without the need for human supervision, 
the network could sustain the above four performance char-
acteristics for more than one year without the need for spe-
cific daily retraining (Bacher et al., 2015; Beata et al., 2015; 
Jarosiewicz et al., 2016). It could also enhance function with 
minimal retraining using transfer learning techniques, which 
means applying mature knowledge of one domain to other 
scenarios. Moreover, with functional electrical stimulation, 
the participant can use the decoder in real-time to reactivate 
their paralyzed forearm, manipulating three objects from the 
grasp and release test accurately. Thus, it can be concluded 
that the clinical translation of brain-computer interface tech-
nology is very likely to advance in the realm of deep neural 
network decoders.

Various novel methods, including three-dimensional 
printing, exoskeletons, and robotics, have been developed 
with the aims of functional restoration after SCI. In the 
field of stem cell transplantation, it is critical to find reliable 
methods to promote sensory and motor behavioral recovery, 
as well as for the formation of functional neural networks. 
Notably, considering the inconsistencies and uncertainties of 
novel techniques, many clinical trials need to be carried out. 

Endogenous and Transplanted Stem Cells are 
Involved in Neuroregenesis and Neural Repair 
in SCI 
In general, NSCs are in a relatively “quiescent” state that can 
be activated when stimulated by certain factors (e.g. vascular 
endothelial growth factor) or injury. After activation, NSCs 
can re-enter the cell proliferation cycle and differentiate into 
neurons, astrocytes, and oligodendrocytes to self-renew and 
provide a sufficiently large number of tissue cells (Yu and Jin, 
2014).

Neurogenesis is a process involving the proliferation of 
NSCs, a balanced or unbalanced division into directed pro-
genitor cells, gradual migration to functional areas, plasticity 
changes, and establishment of synaptic connections with 
other neurons to produce neurological integrity. In brief, 
neurogenesis is regarded as the maturation of new neurons 
into adulthood (Dey et al., 2019). However, a recent paper 
from Sorrells et al. (2018) questioned the presence of human 
hippocampal neurogenesis during adulthood. The authors 
proposed that neurogenesis is extremely rare or even non-
existent in the dentate gyrus in adults; indeed, the number 
of young neurons developing in the hippocampus decreases 
sharply after the first few years of life. With the advancement 
and development of neuronal detection and tissue process-
ing approaches, Moreno-Jimenez et al. (2019) identified 
many immature neurons in the dentate gyrus in healthy per-

sons without neurological diseases aged up to their 90s, with 
various degrees of maturation.

The involvement of endogenous stem cells in neural re-
pair and neural network reconstruction is a classic scientific 
theory (Christie and Turnley, 2013). Endogenous stem cells 
play a key role in neurogenesis and differentiate to form 
nascent neural circuits that are integrated into damaged 
neural networks (Bellenchi et al., 2013). Furthermore, en-
dogenous NSCs are mainly situated the subventricular zone 
of the lateral ventricle wall and the subgranular layer of the 
dentate gyrus in the hippocampus of adult mammals (in-
cluding humans) (Hayashi et al., 2018). Later, NSCs are also 
found in the ependymal zone around the central canal of the 
spinal cord (Christian et al., 2014; Luo et al., 2015; Liu and 
Chen, 2019). Luo et al. (2015) used single-cell transcriptome 
and network analyses to identify a subpopulation of resting 
NSCs in non-neurogenic regions of the brain. This indicates 
that there are dormant NSCs that exist throughout the CNS, 
which are located on the ventricular surface (e.g., the cen-
tral canal of the spinal cord). After exposure to factors such 
VEGF, these cells can be mitotically activated and can dif-
ferentiate into neurons or glial cells to participate in neural 
repair (Luo et al., 2015). The discovery of the prevalence of 
NSCs has challenged the traditional notion that spinal cord 
cells cannot regenerate. Additionally, it has been reported 
that most activation sources of NSCs for proliferation and 
differentiation were ependymal cells (Weiss et al., 1996). By 
supplying endogenous cells with a stable microenvironment, 
specialized stem cell “niches” are thought to modulate their 
proliferation and regulate downstream differentiation (Walk-
er et al., 2010). 

SCI causes damage to multiple specialized cell types. The 
focus of ongoing studies has thus been to repair and regener-
ate the entire neurovascular unit. Besides using endogenous 
NSCs to induce neurogenesis in damaged areas, exogenous 
NSC transplantation is an emerging effective method for 
repairing and replacing damaged tissues, to reconstruct 
part of the neural circuits and functioning in CNS diseases 
(Doulames and Plant, 2016). However, the inflammatory mi-
croenvironment following acute SCI of the adult CNS where 
endogenous NSCs gather may affect stem cell survival, 
self-renewal, migration, and neuronal differentiation (Cheng 
et al., 2017). The inflammation that determines either pro- or 
anti-neurogenic properties is probably based on activation 
of macrophages, microglia, and/or astrocytes (Russo et al., 
2011). For instance, releasing inflammatory factors, includ-
ing tumor necrosis factor-α, interleukin-6, interleukin-1β, 
reactive oxygen species, and nitric oxide, and microgliosis 
reaction could cause harm to the NSC niche, resulting in 
neuronal dysfunction and degeneration, and a reduction in 
neuronal proliferation and differentiation (Horgusluoglu et 
al., 2017). Conversely, certain factors and conditions, such 
as antigen-specific autoimmune T cells and their cytokines, 
create a more beneficial microenvironment for neurogenesis 
of the grafted stem cells (Shaked et al., 2010). Additionally, 
it has been reported that NSC transplantation triggering 
the inflammatory response to disease or injury rather than 
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cell replacement itself may provide protection for the CNS 
against inflammation (Gincberg et al., 2012), mostly depend-
ing on up/down regulation of specific inflammatory factors. 
Moreover, the neuroprotective capability of endogenous 
NSCs could also be developed by secreting neurotrophic 
factors at the site of damaged tissue to promote neuronal dif-
ferentiation (Chen et al., 2014). Therefore, it is important to 
identify the optimal transplantation timing after injury with 
consideration to the association between neuroinflammation 
and neurogenesis, which may directly affect the efficacy of 
the therapy (Aguzzi et al., 2013). 

Exogenous stem cells currently used for transplantation 
come from a variety of sources, such as embryos, bone mar-
row, adipose tissue, and umbilical cord blood (Liao et al., 
2019). These types of stem cells can provide nutritive support 
and nerve growth substrates by differentiating into mature 
neurons, enhancing regeneration of damaged neurons, and 
promoting nerve axon growth across the gelatinous barrier. 
Co-transplantation therapy is another aspect of stem cell 
research that offers promising effects on neuronal differen-
tiation and survival. The transplantation of astrocytes with 
NSCs has been found to result in a higher ratio of survival 
and proliferation compared with transplanting NSCs alone 
(Luo et al., 2017b). 

In states of disease or injury, the migration and differen-
tiation patterns of stem cells change to participate in nerve 
regeneration at the injury site (Zheng et al., 2013). Indeed, 
NSC proliferation and activation have been observed within 
24 hours after SCI; furthermore, activated ependymal cells 
differentiated into astrocytes and oligodendrocytes, but only 
a small proportion differentiated into neurons. Similarly, 
NSCs transplanted into the lesion area mostly differentiate 
into astrocytes, which can only achieve limited functional re-
covery. It follows that nerve regeneration cannot be fully ex-
erted as a result of glial scars or other undesirable outcomes 
(Barnabe-Heider et al., 2010). Moreover, due to the difficul-
ties in availability and mobilization of NSCs, the therapeutic 
effects of endogenous stem cells are also seriously restricted 
within the CNS. 

Concerning the future direction of this field, a tracking 
method to follow stem cells on their paths to neurogenesis 
would provide clinicians and researchers with visualized 
knowledge on the progress of stem cells, including the ex-
act location of mobilization and proliferation (Wang et al., 
2017). Monitoring the acceptance, growth, migration, dif-
ferentiation, and survival of injected cells is vital to better 
analyze and understand the process that occurs after stem 
cell transplantation. Although many animal model studies 
have been conducted in recent years, the progression from 
basic research to clinical trials is still a challenge. Moreover, 
the most effective source of NSCs and creating a microen-
vironment that can neutralize inhibitory effects of neurore-
generation following nerve injury have yet to be identified, 
and the scarcity of exogenous stem cells and ethical issues 
are also potential barriers to the clinical application of NSCs. 
The use of animal models can prepare medical communities 
for future clinical trials and the application of stem cells as a 

primary option for SCI treatment.
Future work should investigate whether endogenous and 

exogenous NSCs truly participate in the repair of SCI and 
differentiate into the required cell types. Finding ways to 
modulate and induce neurogenesis in SCI is currently the 
focus and challenge of nerve regeneration (Yu et al., 2016). 
In recent years, promotion of axonal guidance, blocking of 
factors inhibiting regeneration (e.g., glial scars) (Okubo et 
al., 2018), supplementing growth factors (Li et al., 2019), and 
even the modulation of immune responses (Wenker et al., 
2016) have been considered to facilitate graft efficacy. Inter-
estingly, researchers have found that physical factors such as 
magnetic, electric, and ultrasound can alter the activation 
of stem cells for neural repair and neural regeneration in 
the CNS (Cui et al., 2017; Blackmore et al., 2019). Abbasnia 
et al. (2015) found that after a 2-week application of rTMS, 
there was a remarkable increase in NSC proliferation in 
the intact brain of adult mice, at both low (1 Hz) and high 
(30 Hz) frequencies. Similar findings have been reported 
in vitro, whereby rTMS treatments applied for 1 week with 
both 1 and 30 Hz also promoted NSC proliferation and neu-
ronal differentiation (Abbasnia et al., 2015). Moreover, the 
very low frequency electromagnetic field could activate the 
excitability of neural progenitor cells, which is the molecular 
basis for electrical activity of neural cells (He et al., 2013). 
In addition, T-type calcium channels can be regulated by 
extremely low frequency magnetic fields, which provides an 
important theoretical basis for the activation of neurons and 
the formation of neural circuits (Cui et al., 2014). However, 
there have been no reports on the ability of rTMS to mobi-
lize endogenous NSCs in the spinal cord after SCI, and there 
is great potential to study and explore this subject.

Prospects and Challenges
Surgical technology is developing rapidly; in comparison, 
surgical rehabilitation, especially orthopedic rehabilitation, 
is lagging behind. With the development of global economy 
and the improvement of people’s living standards, society’s 
demand for rehabilitation medicine is growing, and the con-
cept of “surgical-rehabilitation integration”, i.e., integrating 
rehabilitation into the entire surgical procedure, including 
before and after surgery, has emerged. However, whether 
acute or early rehabilitation intervention can maximally 
promote rehabilitation after spinal surgery is still in the early 
stages of exploration. 

At present, there have been very few clinical reports on 
the efficacy of magnetic stimulation technology for SCI, 
and the methodology relies on the “transcranial” stimula-
tion technique. However, traditional TMS has the following 
main clinical problems: (1) it is unclear whether it effectively 
activates the conduction of the corticospinal tract and es-
tablishes the big “perception-cortex-motion” circuit; (2) it is 
unclear whether activation of the motor function of spinal 
anterior horn (small circuit) is involved in TMS. Therefore, 
more precise neuromodulation models are needed. 

The following issues remain to be explored in the develop-
ment of SCI treatment by neuromodulation technology: (1) 
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the mechanism of TMS pulsed magnetic field on nerve con-
duction; (2) the influence of a TMS pulse magnetic field on 
synaptic plasticity of the anterior horn in the injured spinal 
cord; (3) the technical path of neuromodulation combined 
with microenvironment regulation to promote neural circuit 
reconstruction.

Although there have been promising advances in the diag-
nosis and therapy of CNS disorders in the field of neurogen-
esis, supporting evidence for wide-range clinical applications 
in neurological disorders is still in its infancy. Therefore, 
an increasing number of case studies and clinical trials are 
emerging. In medical research, we have been striving to 
accurately locate the target using imaging technology, and 
accurately evaluate the efficacy through multidimensional 
techniques. With the rapid development of neurobiologi-
cal technology, the reconstruction of neural circuits can be 
effectively observed and the trajectory of nerve conduction 
beam can be tracked by diffusion tensor imaging, and the 
growth of nerve fibers can also be dynamically monitored. 
There is great potential for the study of nervous system and 
brain function. Functional magnetic resonance imaging pro-
vides an in-depth study of functional recovery and neuro-
logical functional reorganization after disease treatment by 
monitoring the corresponding cortex in the brain; this work 
could help to fine-tune clinical diagnosis, treatment, and 
prognosis of SCI.

A better understanding of the principles underlying the 
above-mentioned therapies will allow us to better combine 
them to guide neural plastic potential, and thus modulate the 
dynamics of solid networks and enhance functional recovery 
following SCI. However, at present, the existing neuromod-
ulation parameters are adjusted based on artificial settings. 
In the future, if an active interaction system integrating as-
sessment and intervention can be developed, artificial intel-
ligence methods such as deep learning could be introduced 
into current neuromodulation facilities to achieve a more 
precise and effective rehabilitation system. In addition, the 
most important criterion for evaluating the technique of neu-
romodulation is long-term efficacy; that is, whether and how 
the effect of neuromodulation therapy can be maintained for 
a long time, for which neural circuit reconstruction is a cru-
cial indicator. Therefore, the approriate time for starting neu-
romodulation treatment to match with sensation and move-
ment is a vital issue for future research and clinical practice, 
and may open a window for SCI patients.
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