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Abstract 
Spinal cord injury (SCI) severely diminishes quality of life and presents patients with a substantial financial burden. The lack of a curative treat-
ment has guided efforts toward identifying potential regenerative treatments. Neural stem/progenitor cell (NSPC) transplantation represents a 
promising strategy for the regeneration of the injured spinal cord due to the ability of these cells to replace neural cells lost post-injury. However, 
the transplant-derived oligodendrocytes and neurons need to be able to associate and integrate within the appropriate endogenous circuits to 
guarantee optimal functional recovery. To date, the integration of these transplant-derived cells has lacked specificity and remains a challenge. 
As such, it appears that the transplanted cells will require additional guidance cues to instruct the cells where to integrate. In the present review, 
we propose a variety of combinatorial techniques that can be used in conjunction with NSPC transplantation to direct the cells toward particular 
circuits of interest. We begin by introducing distinct molecular signatures that assist in the formation of specific circuits during development, and 
highlight how favorable molecular cues can be incorporated within the cells and their environment to guide the grafted cells. We also introduce 
alternative methods including task-specific rehabilitation, galvanotaxis, and magnet-based tools, which can be applied to direct the integration 
of the grafted cells toward the stimulated circuits. Future research examining these combinatorial efforts may serve to improve outcomes fol-
lowing SCI.
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Significance Statement
There is an urgent need to develop novel stem cell therapies for spinal cord injury that can succeed in clinical trials and enter the clinical 
setting. In the present review, we argue that integration is an important challenge related to neural stem/progenitor cell transplantation. 
We suggest using combinatorial approaches incorporating neural stem/progenitor cell transplantation with molecular guidance cues, task-
specific rehabilitation, galvanotaxis, or magnet-based tools to optimize integration in the appropriate circuits.

Introduction
Traumatic spinal cord injury (SCI) is followed by consider-
able sensorimotor impairment, which reduces quality of life 
and ultimately contributes to high rates of mortality.1 It is 
estimated that up to 500 000 people are affected by SCI every 
year worldwide.2 This presents the healthcare system with 
significant financial burdens, as the cost of care for each in-
dividual with an SCI can range between $1.1 and 4.6 million 
USD.1 From a pathophysiological perspective, SCI is followed 
by several maladaptive processes, including demyelination, 
neuronal degeneration, astrogliosis, and cell death.3 Although 
there are some pharmacological and surgical interventions 
available that aim to mitigate these mechanisms, there are no 
curative treatments for SCI.1 As such, cell transplantation has 
emerged as a potential regenerative therapy.

Several cell types have been transplanted for SCI, including 
mesenchymal stem cells, Schwann cells, oligodendrocyte pre-
cursor cells, olfactory ensheathing cells, and neural stem/
progenitor cells (NSPCs).4 Of these various sources, NSPCs 
represent the most attractive cell therapy for SCI treatment, 
given that they are capable of targeting the wide range of 
pathophysiological consequences seen following injury. 
NSPCs have been shown to target the inflammatory re-
sponse, reduce astrogliosis, provide neurotrophic support, 
and promote angiogenesis.5-7 In addition, following de-
livery into the spinal cord, NSPCs can migrate around the 
cord and differentiate into neurons, oligodendrocytes, and 
astrocytes, thus giving them the unique advantage of being 
able to replace the neural cells that have been lost post-SCI. 
Importantly, the graft-derived oligodendrocytes and neurons 
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can integrate within the endogenous circuits and thereby 
contribute to regeneration. Specifically, the transplant-
derived oligodendrocytes can associate with the spared en-
dogenous axons by contributing to remyelination,8 whereas 
the transplant-derived neurons can restore connectivity in 
the spinal cord by replacing the neurons that have been lost 
within the neural pathways or by giving rise to novel relays 
that bypass the damaged pathways (Fig. 1).9 In this regard, a 
number of studies have shown that transplant-derived cells 
are capable of functionally integrating within the endoge-
nous circuitry post-SCI.10-13

However, the specificity with which the NSPC-derived 
oligodendrocytes and neurons choose their targets and inte-
grate within specific host neural networks remains unclear 
and introduces additional challenges.14,15 Ensuring that the 
cell grafts migrate toward and integrate within the appro-
priate endogenous circuits is paramount to ensuring optimal 
functional recovery, as aberrant integration can lead to poten-
tial side effects. Moreover, the integration of the cells should 
align with the deficits and therapeutic goals of the patient. 
Notably, different patients experience variable extents of in-
jury and may have different priorities in the functions that 
they aim to recover. For some patients, recovering hand func-
tion is the main goal, whereas for others, regaining walking 
ability or trunk stability is a greater priority.16 In this regard, 
additional extrinsic guidance cues may help in instructing the 
grafted cells to target the most desirable neural networks, as 
opposed to those that do not align with the individual’s thera-
peutic aims. In the present review, we will highlight a number 

of strategies that can be combined with NSPC transplantation 
to promote targeted cell integration following transplantation 
(Fig. 2).

Molecular Guidance Cues
One strategy by which targeted NSPC integration can be 
optimized involves mimicking the molecular cues that are 
known to instruct neural circuit formation during develop-
ment. Notably, the adult spinal cord is comprised of an intri-
cate network of neural circuits responsible for heterogenous 
roles ranging from voluntary movement to somatosensory 
and autonomic functions. The specificity in the genera-
tion of these distinct pathways arises as a result of various 
combinations of chemotropic guidance cues.17-20 These guid-
ance cues selectively instruct particular neural cells to form 
connections with their appropriate targets by acting as attrac-
tive or repulsive molecules, thereby fine-tuning their growth 
and migration.21,22 As such, these unique molecular patterns 
may be helpful in the context of promoting targeted graft 
integration. Specifically, NSPCs and their engraftment niche 
can be carefully engineered to make them more conducive to 
driving graft integration within anticipated circuits. For ex-
ample, NSPCs can be manipulated to express molecules that 
are favorable in the development of the anticipated circuits, 
or these molecules can be injected into the spinal cord mi-
croenvironment in order to create a favorable chemotactic 
gradient. The following section summarizes various molec-
ular guidance cues that contribute to the formation of unique 

Figure 1. Summary of the ways in which NSPC-derived cells can integrate within endogenous circuits. Following transplantation into the injured spinal 
cord, grafted NSPCs can differentiate into oligodendrocytes that can remyelinate the spared endogenous axons. In addition, NSPCs can differentiate 
into neurons, which can contribute to bridge formation across the damaged circuit or contribute to the formation of a novel relay around the lesion site.
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motor and sensory pathways, and subsequently highlights 
how different molecules have been applied in the context of 
SCI regeneration.

The main circuit responsible for voluntary motor functions 
in humans is the corticospinal tract (CST). It descends from 
the motor cortex and travels in the spinal cord until it reaches 
an appropriate exit point where it enters the periphery to in-
nervate muscles. As the motor neuron descends in the spinal 
cord, it encounters a series of pathfinding cues that refine its 
location and guide it to grow in a caudal direction. The Wnt 
family of proteins is thought to be one of the cues that guide 
axonal elongation in the CST. In the spinal cord, there is a 
decreasing gradient of Wnt expression in the rostrocaudal di-
rection. These environmental cues mediate axonal growth via 
the repulsive Ryk receptor found on CST axons. Specifically, 
the interaction between high levels of Wnt in the rostral cord 
and the Ryk receptor on these axons is thought to cause re-
pulsion and to drive the axons away toward the caudal cord. 
When investigating these interactions in mice, it was found 
that blocking the Ryk receptor with anti-Ryk antibodies in-
hibited the growth of these axons in the caudal direction, thus 
reinforcing the importance of these molecular cues in the de-
velopment of the CST.23 Another important guidance cue that 
has been found to be implicated in CST outgrowth is IGF-I. 
In contrast to the repulsive mechanisms associated with Wnt-
Ryk interactions, IGF-I provides an attractive cue upon in-
teraction with the IGF-IR receptor found on motor neurons 
and ultimately promotes CST growth. Blocking this interac-
tion using a competitive IGF-IR inhibitor, or an anti-IGF-IR 

antibody, inhibits axonal extension in these motor neurons 
both in vitro and in vivo.24 In addition, Özdinler and Macklis 
found that BDNF is also implicated in CST development by 
promoting arborization and branching.24 As the CST descends 
further, it eventually reaches the level at which it must exit 
toward the periphery. The level at which a particular CST 
axon exits the cord is determined by the interaction between 
EphA4 receptors and their ephrin-A ligands.25 In this regard, 
it was found that hindlimb CST axons terminated prema-
turely in the cervical cord and did not elongate properly into 
the lumbar cord in EphA4 mutant mice. This suggested that 
EphA4 and ephrins provide inhibitory cues that propel the 
CST away in a caudal direction. Indeed, it has been found that 
neurons innervating the hindlimbs express higher amounts of 
the ephrin ligands than those innervating the forelimbs, thus 
explaining how these distinct neurons are guided toward the 
appropriate exit points toward the periphery.26 On the other 
hand, the exit of the CST is also governed by netrins, which 
act through a number of different receptors to refine CST 
positioning and limb innervation.27 This is supported by the 
finding that motor neurons aberrantly escape the spinal cord 
and can be found in the periphery in netrin mutant mice.28

Several molecular guidance cues have also been identified 
in the sensory systems that govern touch, temperature, pain, 
and proprioception. In these circuits, a sensory neuron 
enters the spinal cord from the periphery and either ascends 
in the spinal cord or synapses on a second-order neuron 
that ascends toward the brain. As the axons from the dorsal 
root ganglion (DRG) enter the spinal cord, they encounter 

Figure 2. Schematic summarizing potential combinatorial methods that may help in optimizing NSPC migration and integration. Distinct molecular 
signatures can be engineered within the NSPCs or the spinal cord microenvironment to drive chemotactic migration toward the sites of interest. Task-
specific rehabilitation paradigms may promote integration of NSPC-derived cells within the mobilized circuits by promoting axonal outgrowth from the 
activated circuits toward the grafted cells and recruiting graft migration. Electric fields may help in promoting graft migration along the electric field. 
Finally, magnet-based tools can be used to encourage the transplanted cells to migrate in particular directions and to optimize the cell delivery site 
based on visual feedback from MRI technologies.
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repulsive cues from netrin-1. In this context, netrin-1 acts 
via the Unc5c receptors found on the DRG axons and 
facilitates repulsion away from the ventral cord toward the 
dorsal areas. Netrin-1 mutant mice display disorganized 
and aberrant axonal trajectories, whereas the introduction 
of netrin-1 to the dorsal spinal cord inhibits the dorsal pro-
jection of the DRG axons.29 These mechanisms are respon-
sible for directing the sensory circuits to the dorsal spinal 
cord. However, sensory circuits are further refined by ad-
ditional cues that distinguish between the proprioceptive 
pathways and the nociceptive pathways. In this regard, the 
cutaneous nociceptive axons are responsive to LysoPtdGlc, 
which is found in the dorsal cord and selectively acts on 
their GPR55 receptors in a repulsive manner to drive them 
in the ventral direction. When these interactions between 
LysoPtdGlc-GPR55 are interrupted, the nociceptive axons 
begin to grow within the proprioceptive areas.30 On the 
other hand, proprioceptive neurons express the plexin A1 
receptor, which is implicated in regulating the dorsoventral 
positioning of the proprioceptive neurons through the in-
teraction with Sema6d.31 Once the incoming sensory axons 
identify the correct target location in the cord they can as-
cend. In this regard, it is hypothesized that netrin-1 may 
be implicated in the rostral ascent of the sensory axons, as 
the application of netrin-1 to DRG axons in vitro has been 
shown to inhibit their growth.32

Understanding the molecular landscape during devel-
opment provides an important context for researchers be-
cause it provides a framework that researchers can aim to 
mimic during cell transplantation. Strategic incorporation 
of these molecular patterns may be advantageous because 
NSPCs, as well as the NSPC-derived oligodendrocytes and 
neurons, may be responsive to these chemotactic instructions, 
thus influencing their target choices. Similarly, genetically 
engineered cells or particular environmental molecular 
gradients may be capable of mobilizing the spared axons 
residing in particular circuits to undergo elongation toward 
the graft, thus improving graft-host interactions. In this re-
gard, incorporating GDNF with Schwann cell transplantation 
has been shown to promote propriospinal axon extension to-
ward the grafted cells, whereas incorporation of other factors 
including NGF, BDNF, and neurotrophins in fibroblasts has 
also been shown to promote endogenous axonal outgrowth 
within distinct spinal pathways.33-38 Importantly, there is also 
some evidence suggesting that overexpression of factors such 
as polysialic acid and GDNF in NSPCs may increase the mi-
gration and integration of the grafted cells.39,40 However, there 
have been no studies comparing the effect of different molec-
ular cues on driving targeted NSPC integration within specific 
circuits of interest. For example, taking advantage of the Wnt-
Ryk interactions may promote NSPC integration within the 
CST, whereas other signals, such as the interactions between 
netrin-1 and Unc5c, may be relevant for the guidance of NSPCs 
toward the sensory circuitry. Therefore, future investigations 
related to this combinatorial approach are warranted.

Task-Specific Rehabilitation
The combination of NSPC transplantation with task-specific re-
habilitation is another strategy that may help in guiding graft 
integration within the appropriate circuits. Rehabilitation is 
considered a gold standard for SCI management given that 
it is a cost-effective and non-invasive option for patients.1,41 

Importantly, it drives neural activity within the particular 
circuits that are engaged during the motor task. This is partic-
ularly relevant in the context of SCI regeneration, as there is 
an increasing body of literature demonstrating that activity-
dependent processes are capable of driving adaptive reorganiza-
tion within the nervous system. Notably, neural activity induces 
synaptic strengthening and neuroplasticity within the active 
circuits in a Hebbian “use it or lose it” manner.42-44 For ex-
ample, targeted activation of the CST has been shown to induce 
axonal sprouting and outgrowth in this circuit post-SCI.45 On 
the other hand, targeted neuronal activity has also been shown 
to regulate oligodendrocyte recruitment and myelination.46,47 
Optogenetic methods have demonstrated that activated fibers 
have thicker myelin and greater myelin protein expression 
compared to non-stimulated control fibers in the premotor 
cortex and subcortical white matter.48 Axonal activity has also 
been shown to influence myelin repair within the injured spinal 
cord, whereby stimulation of the dorsal CST enhances CST 
remyelination following SCI, whereas inhibition of this circuit 
reduced myelination.49 As such, targeted activation of particular 
circuits induces adaptive changes that may be favorable when 
combined with NSPC transplantation. Notably, selective acti-
vation of particular circuits during a specific rehabilitation par-
adigm may induce the mobilized circuits to undergo sprouting 
and growth into the graft, ultimately leading to synaptogenesis 
and graft-host interactions. On the other hand, this neural ac-
tivity may also serve to guide NSPC migration and to recruit 
the NSPC-derived cells toward the mobilized circuits through 
the secretion of neurotrophic factors, which are known to act 
as chemoattractants in the spinal cord.50,51 Similarly, active en-
dogenous neurons may be more likely to become myelinated by 
graft-derived oligodendrocytes, as opposed to neurons that are 
not active. Therefore, researchers may be able to guide where 
the NSPCs integrate by carefully choosing an appropriate reha-
bilitation paradigm that mobilizes the circuits of interest.

To date, only a few studies have combined NSPC trans-
plantation with rehabilitation in the context of SCI. Of these 
studies, one demonstrated that mice that received treadmill 
training following thoracic SCI exhibited higher NSPC sur-
vival and neuronal differentiation compared to untrained 
mice.52 Similar results were seen in a rat model of cervical SCI, 
which additionally displayed that oligodendrocyte differentia-
tion and locomotor recovery were enhanced in the group that 
received both NSPC transplantation and treadmill training 
compared to NSPCs alone.53 Although neither of these studies 
specifically investigated the effect of rehabilitation on graft 
integration, they demonstrate that rehabilitation has a pos-
itive impact on transplanted NSPCs. However, the extent to 
which this combinatorial approach may influence graft inte-
gration will likely depend on the type and specificity of the 
rehabilitation paradigm that is incorporated. Task-specific re-
habilitation strategies—in contrast to more arbitrary rehabili-
tation paradigms—would be ideal to achieve greater precision 
in the circuits that are being mobilized. Various task-specific 
training methods exist, and choosing the appropriate method 
that aligns with the individual’s therapeutic priorities is vital. 
For example, the recovery of hand function is the main ther-
apeutic priority for many individuals with cervical SCI, and 
even modest improvements in hand function would have a tre-
mendous impact on their quality of life.16 For these individuals, 
upper limb tasks may be favorable. In animal models, reaching 
tasks have been developed as skilled motor tasks for forelimb  
rehabilitation.54-57 On the other hand, improving bowel, 
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bladder, and sexual functions is an important objective for 
other individuals. Therefore, these individuals may ben-
efit from task-specific rehabilitation such as body-weight 
supported treadmill training, which has been shown to pro-
mote several outcomes including urinary incontinence, bladder 
capacity, voiding efficiency, and defecation.58 The specificity of 
the assigned rehabilitation paradigm will likely distinguish be-
tween the physical therapy regimens that successfully influence 
graft integration vs. those that do not. In this regard, one re-
cent study by the Tuszynski group found that task-specific fore-
limb training was associated with significantly greater axonal 
outgrowth from the grafted neural cells, as well as improved 
host corticospinal growth into the grafted cells, thus suggesting 
that targeted rehabilitation improved graft integration into the 
CST.59 Nonetheless, the effects of different types of task-specific 
rehabilitation on guiding graft integration into distinct circuits 
have not been thoroughly investigated in the context of SCI.

Galvanotaxis
Galvanotaxis is an emerging technology that may be able 
to influence NSPC migration along a particular desired 
route. Galvanotaxis refers to the movement of cells in re-
sponse to electrical fields. These electrical fields are known 
to arise during development and to influence the migration 
of endogenous NSPCs. NSPCs have also been found to be 
responsive to galvanotaxis in vitro.60 Therefore, this suggests 
that grafted NSPCs may be sensitive to externally applied 
electrical fields post-SCI. External electrical fields can be 
applied in vivo through the implantation of electrodes 
into specified neuroanatomical locations that align with 
the anticipated direction of movement. Importantly, a few 
studies have successfully assessed the role of galvanotaxis 
in influencing grafted NSPC behavior and migration. In one 
study, murine NSPCs were transplanted onto the corpus 
callosum into an area where the cells experience inherent 
migratory cues. In this study, activation of the external elec-
trical fields overrode the endogenous migratory cues and 
ultimately influenced the migration of the cells.61 Similarly, 
external electrical fields have also been found to exhibit 
an effect on the migration patterns of human NSPCs fol-
lowing transplantation around the rostral migratory stream 
in the brain. Notably, the rostral migratory stream is an 
area in which the cells have an inherent migratory pattern 
toward the olfactory bulb. However, the application of an 
external electrical field was capable of driving the cells to 
migrate against their inherent program, upstream toward 
the subventricular zone.62 As such, there are some prelim-
inary results supporting the potential of this technology in 
guiding NSPC migration. This may be advantageous in the 
context of optimizing integration because it would ensure 
that the graft-derived oligodendrocytes and neurons would 
be in close proximity to the networks of interest upon dif-
ferentiation. Furthermore, this technology has been tested 
in 2 clinical trials, thus demonstrating that it is relevant for 
application in humans.63,64 However, there are some limita-
tions related to the invasiveness and high costs associated 
with this strategy. In addition, the efficacy of galvanotaxis 
in guiding NSPC migration has not been tested in the spinal 
cord. Therefore, future investigations will be necessary to 
assess whether external electrical fields would be capable of 
driving NSPC migration toward particular spinal circuits 
with sufficient neuroanatomical precision.

Magnet-Based Techniques
An alternative method that aims to direct graft migration and 
integration involves incorporating magnetic tools. This tech-
nique is advantageous because it is minimally invasive and 
does not require the implantation of electrodes. Instead, fo-
cused magnetic fields can be applied externally to guide the 
movement of transplanted cells that have been pre-labeled 
with magnetic particles. Therefore, the magnetic fields can 
exert an effect not only on the magnetized NSPCs but also 
on the NSPC-derived mature cells which, depending on the 
labeling strategy, can preserve the magnetic label upon dif-
ferentiation. Importantly, magnetically labeled NSPCs have 
been shown to be responsive to magnetic fields in vitro.65,66 
Moreover, magnetic fields are capable of influencing NSPC 
migration in vivo as well. In one study assessing ischemic 
stroke, magnetically labeled NSPCs were injected into the tail 
vein of rats, and the application of a magnet was found to 
increase the distribution of the cells toward the brain.66 On 
the other hand, the application of a magnetic field has also 
been shown to influence the migration of cells within neural 
tissue. Following transplantation into the lateral ventricles, 
magnetized NSPCs displayed an inherent migratory pattern 
along the rostral migratory stream toward the olfactory bulb 
as well as along the white matter. However, these migration 
patterns changed when a magnetic field was applied, whereby 
the cells switched the direction of their inherent movement 
toward the magnet.67 Therefore, these findings suggest that 
these magnet-based methods could be used in SCI to direct 
transplanted cells toward specific circuits. Nonetheless, the 
capacity of this technology in targeting precise spinal circuits 
will require further research efforts. Moreover, although pre-
liminary studies suggest that the introduction of a magnetic 
label does not affect cell viability, differentiation, or axonal 
outgrowth, it will be important to verify that the magnetic la-
beling strategies do not change the physiological properties of 
the cells and do not introduce any toxic effects.65,68

Another magnet-based approach that aims to optimize NSPC 
integration involves incorporating magnetic resonance imaging 
(MRI) intraoperatively during transplantation. Specifically, this 
method aims to utilize MRI-compatible injection platforms to 
provide visual feedback for the delivery of an injection cannula 
containing magnetically labeled NSPCs toward a particular an-
atomical location of interest. Therefore, this technique is distinct 
from the other combinatorial approaches mentioned previ-
ously, as it focuses on delivering the cells directly to the site of 
interest, rather than delivering the cells into arbitrary locations 
around the injury, and requiring the cells to be subjected to ad-
ditional migratory cues to move toward the spinal circuits that 
require regeneration in vivo. Importantly, this minimally inva-
sive method has been successfully utilized to transplant NSPCs 
into the putamen in baboons, and even into the ventral horn of 
the spinal cord in minipigs.69,70 However, this strategy requires 
the development of MRI-injection platforms, which may not 
be the most practical and may introduce limitations related to 
the translation of this technology.

Additional Considerations
Combinatorial strategies, such as molecular cues, task-specific 
rehabilitation, galvanotaxis, and magnet-based techniques 
may improve graft-host interactions by directing NSPC migra-
tion, instructing NSPC-derived oligodendrocytes and neurons 
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which circuits they should target, and encouraging endogenous 
circuits to elongate toward the grafted cells. However, even if 
the grafted cells are successfully guided toward a particular cir-
cuit, the integration may still be suboptimal if the differentia-
tion of the NSPCs is inappropriate. Optimal NSPC integration 
is contingent upon the ability of the NSPCs to differentiate into 
the appropriate mature cell types that match the circuit of in-
terest. Notably, following transplantation, various injury-related 
signaling cascades skew NSPCs to differentiate into astrocytes 
rather than oligodendrocytes or neurons.40 Therefore, additional 
efforts may be required to enhance the differentiation of the 
cells toward a mature phenotype that is appropriate for the na-
ture of the injury to induce task-specific recovery. In this regard, 
biomarker and MRI assessments can be used to distinguish and 
allocate patients to distinct NSPC treatments. In patients that 
experience greater extents of myelin damage, biasing NSPC dif-
ferentiation along the oligodendrogenic lineage may be helpful 
to increase the amount of integrating oligodendrocytes.71 On the 
other hand, NSPCs can be biased toward a motor neuron fate 
for patients that display corticospinal damage, or they can be 
specified into sensory neurons for patients that exhibit injuries 
in the sensory pathways. Ultimately, these biasing methods can 
help to ensure that the final cell phenotypes match the circuit of 
interest in order to optimize NSPC integration.15,72

Conclusion
NSPC therapies have been investigated extensively in pre-
clinical animal studies and several past, as well as upcoming, 
clinical trials have been initiated.4,73 However, no cell-based 
SCI treatment has successfully entered a clinical setting to 
date. This lack of success may be attributable to the inability 
of the cells to appropriately integrate within the endoge-
nous circuitry. In the present review, we highlighted several 
approaches that could be combined with NSPC transplan-
tation to drive grafted cells to integrate within anticipated 
circuits. These approaches include incorporating distinct mo-
lecular cues, task-specific rehabilitation, electric fields, and 
magnet-based strategies. Implementing circuit-specific regen-
eration paradigms may improve patient-specific care and op-
timally improve the quality of life of patients. Nonetheless, 
the role of these combinatorial approaches on NSPC integra-
tion has been insufficiently investigated in the context of SCI 
and therefore requires further research.
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