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Neuromodulation to guide circuit reorganization with regenerative therapies in upper extremity rehabilitation following cervical spinal cord injury
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Spinal cord injury (SCI) is a profoundly debilitating condition with no effective treatment to date. The complex response of the central nervous system (CNS) to injury and its limited regeneration capacity pose bold challenges for restoring function. Cervical SCIs are the most prevalent and regaining hand function is a top priority for individuals living with cervical SCI. A promising avenue for addressing this challenge arises from the emerging field of regenerative rehabilitation, which combines regenerative biology with physical medicine approaches. The hypothesis for optimizing gains in upper extremity function centers on the integration of targeted neurorehabilitation with novel cell- and stem cell-based therapies. However, the precise roles and synergistic effects of these components remain poorly understood, given the intricate nature of SCI and the diversity of regenerative approaches. This perspective article sheds light on the current state of regenerative rehabilitation for cervical SCI. Notably, preclinical research has yet to fully incorporate rehabilitation protocols that mimic current clinical practices, which often rely on neuromodulation strategies to activate spared circuits below the injury level. Therefore, it becomes imperative to comprehensively investigate the combined effects of neuromodulation and regenerative medicine strategies in animal models before translating these therapies to individuals with SCI. In cases of severe upper extremity paralysis, the advent of neuromodulation strategies, such as corticospinal tract (CST) and spinal cord stimulation, holds promise as the next frontier in enhancing the effectiveness of cell- and stem cell-based therapies. Future preclinical studies should explore this convergence of neuromodulation and regenerative approaches to unlock new possibilities for upper extremity treatment after SCI.
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Introduction to regenerative rehabilitation for upper extremity recovery using regenerative approaches


Regenerative rehabilitation for upper extremity recovery

Regenerative rehabilitation is an approach that combines regenerative medicine with rehabilitation strategies to promote functional recovery of impaired individuals. Spinal cord injuries (SCIs) have drastic impacts on sensorimotor function and are most commonly damaging the cervical spinal cord. Individuals living with cervical SCIs face the challenge of limited recovery in hand strength, a function heavily reliant on spared corticospinal tract (CST) projections (1). Although regaining hand function is a top priority for individuals living with cervical SCIs (2), most of the preclinical studies using regenerative rehabilitation approaches focused on the lower extremities using thoracic SCI models [Reviewed in (3, 4)].

The intricacy of dexterous hand movements underscores the critical nature of restoring any remaining CST projections to motoneurons governing hand muscles in the context of SCI. This is fueled by the translational challenges of rodent models of upper extremity dysfunction after SCI—which may contribute to the scenario described above (5). Given the central nervous system's (CNS) restricted capacity for regenerating these essential connections, novel cell and stem cell-based therapies have emerged as potential solutions to promote plasticity and replace damaged cells (6).

Anticipation surrounds the role of these cell- and stem cell-based therapies in regaining lost function, bolstered by the promising safety and efficacy outcomes observed in recent clinical trials (3, 6). These advances offer hope for individuals living with the limitations of cervical SCIs, potentially paving the way for more effective treatments and meaningful improvements in hand strength and function.



Neuromodulation

I will focus this perspective article on current methods used in neurorehabilitation in the clinic. Current practices are evolving to emphasize innovative methods for providing neurorehabilitation to individuals living with SCIs. This paradigm shift is especially prominent in cases of severe paralysis, where rehabilitation strategies are increasingly harnessing the power of neuromodulation to intensify the recovery process. Upper extremity rehabilitation, in particular, involves a multifaceted approach that combines sensory feedback from the periphery with upper motor neuron commands to facilitate volitional upper limb movement. In situations of severe paralysis, where volitional actions may be weak or absent, electrical stimulation plays a pivotal role in delivering the necessary external stimulus to promote recovery. This holds particular significance for hand function, as it depends on robust afferent feedback to the spinal cord (7) and is significantly reliant on lateral tract efference (1).

Neuromodulation systems have emerged as a game-changing tool, capable of delivering functional electrical stimulation (FES) to upper extremity muscles with precise timing, evoking reaching and grasping function (8). Similarly, spinal cord stimulation has proven effective in promoting targeted circuit reorganization in the lumbar spinal cord, culminating in the restoration of standing and walking capabilities, even in the absence of direct stimulation (9, 10). However, the inherent complexity of the brain and cervical circuits responsible for controlling dexterous hand movements implies that achieving upper extremity recovery through these approaches alone may be more challenging.

A noteworthy development is an ongoing clinical trial investigating the utility of epidural cervical spinal cord stimulation [UP2—Brain Controlled Spinal Cord Stimulation in Participants With Cervical Spinal Cord Injury for Upper Limb Rehabilitation—NCT05665998]. The integration of these neuromodulation strategies with cell- and stem cell-based therapies is poised to mark the next phase in the field of regenerative medicine for upper extremity recovery following SCIs. This combined approach holds the potential to optimize functional gains for individuals living with SCI, fostering hope for meaningful improvements in upper extremity function and quality of life.



Understanding cervical spinal cord injuries

The most striking part of human evolution involved the development of dextrous hand use with a respective expansion of the sensorimotor cortex controlling hand movements, which, because of the extensive CST projections, may constitute a drawback after cervical SCI. Understanding SCIs is crucial in comprehending the importance of regenerative rehabilitation approaches for upper limb function. Spinal cord injuries refer to the damage or trauma caused to the spinal cord resulting in varying degrees of sensory and motor function loss. The severity and extent of the injury depend on the location and severity of the damage to the spinal cord, with cervical SCIs displaying more severe impairment both in the lower and upper extremities.

The segmental recovery after cervical SCIs (C1-T1) displays a proximal-distal gradient, where myotomes innervating proximal upper limb muscles, such as the deltoid and biceps brachii muscles, displays superior recovery compared to distal hand muscles (1, 8). Thereby, given its severity and priority for recovery, the optimization of distal hand muscles recovery will likely need targeted and combinatorial approaches. Below, I will briefly explore current treatment options for upper extremity recovery after cervical SCIs and offer my perspective on why the regenerative rehabilitation approach may be explored as a promising option to create a biological bridge enabling greater recovery of upper extremity function.



Current treatment options for cervical spinal cord injuries

Current treatment strategies for cervical SCIs come with limitations, often resulting in partial recovery, particularly in the case of distal hand muscles. In the chronic stages, approaches such as nerve transfers or tenodesis surgery are explored to create peripheral nerve or tendon bridges, with the goal of enhancing lost movements in the distal extremities (11, 12).

Here, we advocate for the imperative need for regenerative rehabilitation therapies to circumvent the limitations of current treatment options. Urgently addressing the promotion of neurite regeneration and functional recovery following SCI, especially to facilitate enhanced upper extremity recovery during the chronic phase.

The concept of creating a biological bridge to transmit critical CST projections to lower motor neurons responsible for innervating distal hand muscles holds the potential to re-establish manual dexterity and significantly enhance the functional independence of individuals living with cervical SCIs.




Exploring regenerative rehabilitation for cervical spinal cord injuries

Regeneration, the process of generating again, holds profound significance in the context of SCI. However, the CNS, with its intricate structure primarily established during development, exhibits a remarkably limited capacity for regeneration. These inherent constraints serve as the brakes on plasticity, safeguarding the critical structure and function of the fully developed nervous system.

After an SCI, there is a fascinating phenomenon of natural recovery in the upper extremity, more pronounced during the initial six months post-injury and continuing for over a year (1). This recovery signals that the same lesion responsible for damaging cells also triggers a neuroplasticity process, leading to the partial re-establishment of lost connections. Some cells may even undergo a transformation, adopting an embryonic signature as part of the regenerative response after the injury, as indicated by (13).

However, this natural recovery process is not endless, and individuals ultimately find themselves with persistent upper extremity impairments. Despite the glimpses of plasticity and regeneration, the CNS's intrinsic limitations underscore the need for innovative approaches to augment and prolong the regenerative processes following an SCI.

Cell-based, stem cell-based and pharmacological therapies attempt to re-open this window of plasticity by deactivating growth-inhibiting factors, introducing new pluripotent stem cells, or promoting a favorable environment for plasticity. The use of biomaterials may support stem cell integration and help by releasing growth factors or enzymes (6, 14). Nonetheless, these processes must be guided by the appropriate sensorimotor inputs to avoid aberrant plasticity and lead to functional outcomes—regenerative rehabilitation.

Previous reviews have shown that regenerative rehabilitation may act via several pathways, including the release of brain-derived neurotrophic factor and growth-associated protein 43, reduction of calcitonin gene-related peptides, greater differentiation of precursor cells into neurons and oligodendrocytes, increased serotonergic activity, among others [Reviewed in (3, 4)]. Here, instead of exploring these mechanistic effects in detail, I will instigate further research on the role of rehabilitation & neuromodulation in promoting targeted circuit formation (Figure 1).
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FIGURE 1
Targeted circuit formation/reorganization with regenerative rehabilitation. (left panels) Neurorehabilitation may be boosted by the use of neuromodulation approaches, such as electrical or magnetic stimulation to activate specific bottom-up and top-down circuits (orange). Physical rehabilitation and exercise have been associated with anti-inflammatory effects and the release of neurotrophic factors, such as the brain-derived neurotrophic factor (BDNF)—which may promote plasticity and the re-establishment of excitatory/inhibitory balance through the upregulation of the potassium-chloride cotransport isoform 2 (KCC2). Functional electrical stimulation (FES) therapy and paired associative stimulation protocols activate these up-and-down pathways in physiological timing, creating the opportunity for spike timing-dependent plasticity. (right panels) The combination of neurorehabilitation and neuromodulation with cell-based and stem cell-based therapies may promote synergistic effects to enhance, for example, cell survival, proliferation, differentiation and integration (blue). (1) Stem cell transplants may be combined with biomaterials (green); neurorehabilitation and neuromodulation may guide cellular survival, proliferation, differentiation and integration. (2) Pharmacological therapies may be injected intrathecally to remove the brakes of plasticity by acting on extra-cellular matrix proteins (e.g., Chrondoitinase ABC) or enhance axonal regeneration (e.g., anti-NOGO). The combined approaches would favour targeted circuit formation/reorganization after SCI.



Regenerative rehabilitation using pharmacological agents, antibodies or enzymes

Regenerative rehabilitation, employing various pharmacological agents, antibodies, and enzymes, offers new hope for the treatment of SCIs. Despite the pressing need for effective interventions, current pharmacological treatments have fallen short in enhancing neurological repair in acute SCI, as reported in studies by (6, 15). Among these treatments, RhoA inhibitors have shown promise in promoting axonal growth after SCI, yielding positive results in animal models by reducing syrinx-cavity formation and preserving white matter (16). However, clinical trials faced challenges in demonstrating primary efficacy endpoints (17). Similar hurdles emerged with Riluzole, a sodium-glutamate antagonist with neuroprotective potential (18).

To unlock the full potential of pharmacological treatment, improvements in local drug delivery, clinical trial design, and the integration of targeted rehabilitation may be pivotal in optimizing the outcomes of these interventions for cervical SCI. Nogo-A, an inhibitor of neurite growth and plasticity in the adult CNS, presents a significant brake to regeneration. Nogo-A is an oligodendrocyte membrane protein that interacts with neuronal receptors, one of the best-known inhibitors of neurite growth and plasticity in the adult CNS—by restricting long-distance axon growth and regeneration to stabilize neuronal circuits (19, 20). Treatment with anti-Nogo-A antibodies has shown promise in neutralizing these inhibitory effects, leading to collateral sprouting, functional recovery, and well-tolerated outcomes in humans (21). The results of an ongoing clinical trial (NISCI—Nogo Inhibition in Spinal Cord Injury—NCT03935321) hold great promise for the community.

Additionally, the extracellular matrix, particularly chondroitin sulfate proteoglycans, impedes axonal regeneration and plasticity, inhibiting the endogenous repair of the injured spinal cord. Chondroitinase ABC, an enzyme that can dissolve chondroitin sulfate proteoglycans, presents promise. In conjunction with growth factors, it has displayed benefits in rat models of SCI, with the potential for even greater effects when combined with stem cell therapies or targeted rehabilitation, promising sustained functional improvements (22).



Regenerative rehabilitation with cell-based and stem-cell-based therapies

Cell-based therapies hold immense promise for SCI treatment. These therapies encompass the transplantation of mature cells and stem cell-based interventions, which involve undifferentiated or partly differentiated cells capable of differentiation and proliferation. Emerging as one of the most promising strategies for SCI treatment, these approaches aim to repair the injured spinal cord (6).

Current evidence underscores the primary role of transplanted stem cells in differentiating into oligodendrocytes to promote remyelination, as demonstrated by (23–25). Recent breakthroughs have illuminated the potential for neural progenitor cell transplantation in combination with rehabilitation, as it was found to foster host corticospinal axon regeneration into grafts. Even in severe cervical contusion models, this approach yielded meaningful forelimb sensorimotor recovery, an outcome of paramount clinical significance (26). Thereby, the integration of targeted and intense rehabilitation strategies into clinical trial designs offers promise in augmenting the modest effects seen in prior clinical trials (6).

However, severe paralysis commonly results in a lack of volitional control, making rehabilitation complex and requiring the implementation of neuromodulation strategies. For instance, FES therapy, as demonstrated in studies like (8), enables the functional activation of upper extremity muscles, even in the most severe paralysis cases, guiding circuit reorganization. Additionally, electrical spinal cord stimulation has proven to have enduring effects, persisting beyond the cessation of stimulation (9, 10, 27). Future research endeavors should explore the combined potential of neuromodulation & rehabilitation in conjunction with stem cell transplantation.

The envisioned synergistic effects of regenerative rehabilitation are depicted in Figure 1. Rehabilitation serves as an external stimulus for targeted circuit reorganization, activating both top-down and bottom-up circuits. This stimulation instigates use-dependent plasticity in the spinal cord, such as spike-timing-dependent plasticity, and orchestrates the release of neurotrophic factors, including brain-derived neurotrophic factor, among others. These growth promoting factors play a pivotal role in promoting and enhancing plasticity and re-establishing the inhibitory-excitatory balance by upregulating the potassium-chloride cotransport isoform 2 (KCC2).

Cell- and stem cell-based therapies may also foster an anti-inflammatory environment, potentially guiding axonal regeneration and synaptogenesis. The cumulative effect is heightened neuronal activity and the formation of bypass circuits, ultimately culminating in enhanced functional recovery. To further enhance clinical trials in SCI, the incorporation of biomaterial scaffolds is a crucial consideration. Biomaterials have the potential to provide sustained support for transplanted stem cells, release growth factors, and enzymatically remove extracellular matrix components that limit plasticity (6).




Case studies: regenerative rehabilitation in current clinical practice


Unlocking enhanced upper extremity recovery through regenerative rehabilitation

Timing is everything in the pursuit of recovery after an SCI. An upper extremity rehabilitation regimen administered within the critical window of neural plasticity during the natural recovery process has the power to propel individuals toward enhanced recuperation. But there's more to this story. When regenerative therapies, including cell and stem cell treatments, are coupled with targeted rehabilitation, the possibilities for functional recovery expand dramatically, even to the chronic phases of the injury.

Recent preclinical research, such as the study by (26), has ignited excitement within the field. In a cervical SCI model, animals receiving combined treatment—targeted upper extremity rehabilitation and stem cell transplants—outperformed their counterparts who received stem cells alone. These findings hold the promise of significant advancements in upper extremity function recovery.

However, this is only the beginning. Translating these results into forthcoming clinical trials is the next vital step, raising hopes for transformative breakthroughs. Yet, the journey towards a deeper understanding of the optimal timing, intensity, and histological outcomes of this combined therapy in animal models must continue.

Another avenue of great promise lies in electrical neuromodulation. Researchers such as (28), have discussed the potential for enhancing rehabilitation and functional recovery through neuromodulation techniques. These advancements are paving the way for a new era in SCI treatment. To complement these insights, we provide a concise overview of the case modalities of targeted rehabilitation and neuromodulation, common staples of current clinical practice in SCI rehabilitation (refer to Figure 2).
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FIGURE 2
Upper extremity neurorehabilitation following cervical SCI. (left panels) Activity-based therapy for upper extremity recovery may consist of repetitive training of functional movements through mass practice, for example reaching and grasping. Therapist- or robotic-assisted movements are repeated over many rehabilitation sessions with the ultimate goal of improving the functionality of the upper extremity. A typical neurorehabilitation protocol may target the performance of movements against gravity using the proximal upper extremity joints (bottom) and progress to functional grooming, and ultimately reaching and grasping (middle and upper panels). Each movement requires the use of specific but overall intertwined central and peripheral nervous system structures (red lines). (right panels) Targeted rehabilitation aims at the recovery of upper extremity strength and hand dexterity and is often combined with neuromodulation techniques to enhance function. Cervical SCIs may have drastic impacts on upper extremity function depending on the severity. For severe upper extremity paralysis, the use of neuromodulation strategies is common and may involve the use of functional electrical stimulation (FES), spinal cord stimulation (SCS), and cortical or paired associative stimulation. Corticospinal tract (CST) stimulation may enhance corticospinal excitability via transcranial magnetic stimulation (TMS) or transcranial direct current stimulation (tDCS) and may be paired with peripheral stimulation to promote the strengthening of CST connections (paired associative stimulation). These neurorehabilitation and neuromodulation strategies target specific motor and sensory pathways providing the stimulus for sensorimotor integration with the ultimate goal of enhancing upper extremity function. TMS, transcranial magnetic stimulation; tDCS, transcutaneous direct current stimulation; eSCS, epidural spinal cord stimulation; DRGS, dorsal root ganglia stimulation; NMES, neuromuscular electrical stimulation; FES, functional electrical stimulation; CST, corticospinal tract.




Activity-based therapy: trunk and proximal upper extremity stability, reaching and grasping, and hand dexterity

Mass practice! Repetitions! Tailored to weaker upper extremity muscles to regain specific functions—termed activity-based therapy. This is upper extremity rehabilitation in its cruder state, with the help of a therapist or rehabilitation robots. Activity-based therapy, in its essence, represents a return to basics, where the emphasis is on sheer repetition and tailored exercises. The goal is clear: relearning the intricate art of upper extremity movements. Relearning to perform upper extremity movements is a challenging task and may involve the regain of trunk stability, movements against gravity using the arm and shoulder and progress to reaching and grasping. To comprehend the significance of this approach, we must first recognize that the recovery path following an SCI is marked by distinct phases. During the initial six months post-injury, individuals often experience significant improvements in upper extremity function. However, this progress tends to level off, leading to a more modest recovery profile between six and eighteen months. Nonetheless, one critical aspect continues to elude many—hand dexterity. For those living with cervical SCIs, the quest to regain hand function remains a paramount priority (2). Regenerative medicine approaches are useful for both boosting the effects of activity-based therapy in the sub-acute phase after SCI and promoting additional recovery after the natural recovery plateaus.



Functional electrical stimulation (FES) therapy

In severe paralysis, volitional upper extremity movement may be absent or very weak. Therefore, targeted upper extremity rehabilitation may involve the use FES therapy, which supplements the weak or absent upper motor neuron control with dosed and timed activation of muscle fibers and sensory afferents. This efferent volley promotes the contraction of the upper extremity muscles at the appropriate timing for performing the given function. The strong ascending afferent volley conducted by large-diameter sensory fiber signals to the spinal cord ascending systems and reinforce connections related to sensorimotor integration (8). The activation of these top-down and bottom-up systems by FES therapy in combination with cell and stem cell therapies may help the establishment of the propriospinal circuitry and spinal cord pathways– leading to enhanced recovery of the specific upper extremity function.



Spinal cord stimulation

Targeted circuit reorganization is also promoted by electrical stimulation of the spinal cord, with long-lasting effects even with the cessation of the stimulation (9). Nonetheless, most of the studies supporting these findings were conducted in the lumbar enlargement with the target of restoring standing and walking. The upper extremities, particularly in the context of dexterous hand movements, represent a distinct challenge. Contrary to the lower extremities, which receive more support from specific propriospinal neurons, the upper extremities heavily depend on the intricate projections of upper motor neurons. This unique reliance on upper motor neurons makes the restoration of upper extremity function a complex puzzle. Studies using cervical spinal cord stimulation are undergoing and more evidence is needed to support its use for upper extremity function. Because upper extremity function, especially dexterous hand movement, is supported and heavily relies on upper motor neuron projections, it is unknown how the activation of large diameter sensory axons by spinal cord stimulation can enhance reaching and grasping function. Perhaps by providing trunk and proximal upper extremity stabilization to support dexterous hand movement or even a strong effect on sensorimotor integration, facilitating the gating of the much-needed sensory information to the spinal cord circuits controlling hand movement. More studies are necessary, from a neurophysiological point of view it seems that, at least for regaining hand function, the concomitant stimulation of the motor cortex will be an important step in achieving superior hand functional recovery by strengthening the residual CST projections. While these theories hold promise, the path to achieving superior hand functional recovery is not without its challenges. The need for further exploration is evident, particularly from a neurophysiological standpoint.



Unleashing the potential of upper motor neurons: a path to enhanced recovery

Upper motor neurons controlling the hand muscles are abundant in the motor cortex (29, 30). Less so are the motor units responsible for transmitting the motor information to hand muscles [non-human primates (31)]. Each hand muscle is innervated by only a few hundred motor units, and even so, is capable of producing movements in many degrees of freedom with astonishing precision. Indeed, the integrity and density of residual CST projections to hand muscles are good predictors of hand strength recovery (1). In individuals with the preservation of residual CST projections to hand muscles, the combination with cell therapies to promote the re-opening of the window of plasticity by stopping anti-growth signaling may constitute an efficient type of rehabilitation. For more severe lesions to the CST, stem cells may help to bypass the damaged circuits and extend many centimeters along the craniocaudal axis of the spinal cord to promote the partial re-establishment of CST projections controlling hand muscles to allow enhanced recovery of hand dexterity. These approaches are to be combined with intense rehabilitation and cortical or timed paired associative stimulation (32) to promote targeted circuit reorganization- similar to walking (33). In doing so, they facilitate the partial re-establishment of CST projections that govern hand muscles, ultimately enhancing the recovery of hand dexterity.

Findings from animal studies indicate that cortical stimulation in SCI rats improve recovery in forelimb function, which was linked to increased CST plasticity evidenced by a signiﬁcant increase in the sprouting of collaterals above the lesion site, but not to increased regenerative growth through the lesion itself (34). In this line of thought, the integration of stem cell transplants into the equation opens up new vistas of opportunity. These transplants may bridge the divide created by the lesion, paving the way for axonal linkage and growth. This biological bridge extends CST information from above the lesion site to intact lower motor neurons below the level of injury, re-wiring the path toward the target cells.




Discussion


Navigating the hurdles: challenges and limitations of regenerative rehabilitation

The costs of rehabilitation, particularly in the context of SCIs, are indeed a significant concern for healthcare systems. Comprehensive rehabilitation programs for individuals with SCIs encompass a wide spectrum of elements, including medical care, physical therapy, occupational therapy, assistive technologies, and often long-term care and support. The financial burden can be overwhelming, as these programs necessitate specialized facilities, state-of-the-art equipment, and a dedicated team of highly trained healthcare professionals.

Scientific evidence plays a pivotal role in advocating for the inclusion of rehabilitation in upcoming clinical trials for SCIs. Rigorous scientific studies can provide concrete evidence of the efficacy of rehabilitation in improving the functional outcomes in preclinical models. This evidence is essential to convince authorities and stakeholders of the value of rehabilitation in the recovery process. Quantifiable data from clinical trials can demonstrate how rehabilitation positively impacts the quality of life of individuals with SCIs.

In the broader context, these quantifiable outcomes can play a pivotal role in helping policymakers and healthcare authorities appreciate that rehabilitation is not merely an expenditure but an investment in the well-being of those affected. Clinical studies must meticulously track the dosage of rehabilitation provided and should include control groups not receiving rehabilitation, a design often better suited to preclinical studies due to ethical concerns related to withholding rehabilitation from a group.

By reporting persuasive scientific evidence, the regenerative rehabilitation community can underscore the critical role of rehabilitation as an indispensable component of a comprehensive, evidence-based approach to managing SCIs. Policymakers and authorities frequently rely on such scientific data to make informed decisions regarding resource allocation, reimbursement policies, and the inclusion of specific treatments or interventions within healthcare systems.

To secure the inclusion of rehabilitation in forthcoming clinical trials for SCIs, it is imperative for the scientific community, healthcare providers, and patient advocacy groups to collaborate closely. The design and execution of well-structured studies that yield compelling evidence can serve as a potent tool for convincing authorities of the pivotal role of rehabilitation in the treatment and recovery process for individuals facing SCIs.

This evidence can then form the bedrock upon which healthcare policies and funding priorities are constructed, ensuring that rehabilitation remains accessible to those who require it. By navigating these challenges with determination and unity, the field of regenerative rehabilitation can pave the way for a brighter and more inclusive future for individuals affected by SCIs.



The future of regenerative rehabilitation in spinal cord injury management

When the SCI is incomplete, electrical stimulation is channeled into muscles, nerves, spinal cords, brains, or brainstems to reignite circuits in the periphery and CNS, bolstering the connections that traverse the intricate web from the brain to the spinal cord to the muscles. When an SCI is severe, the circuits in the spinal cord lack the source of modulation and excitation that they require to be functional. Electrical spinal cord stimulation stands as a state-of-the-art technique in this endeavor. By modulating large-diameter afferents, it can rekindle these dormant circuits. When coupled with dedicated neurorehabilitation, this stimulation charts a course for the resurgence of residual projections emanating from the brain and brainstem. For example, recently it was show that these projections converge with SCVsx2::Hoxa10 neurons, awakened by the stimulation (35). This intricate dance of reorganization weaves the tapestry of recovery, breathing life into volitional movements, even when the stimulation is in turned off. The transplantation of cells holds the promise of a parallel journey. With the right guidance from intense, targeted rehabilitation, these cells may assume a parallel fate, perhaps acting as proxies of recovery for upper extremity function after cervical SCIs.

Despite the notable absence of an effective pharmacological treatment for SCIs, cell- and stem cell-based therapies show promise. These therapies hold the potential to supplant lost cells and restore upper extremity function following paralysis. We know that neural stem cells have the remarkable ability to integrate into host tissue and extend axons deep into the host spinal cord, transcending considerable distances (e.g., C5–C8) (24, 26, 36, 37). Yet, for these cells to truly fulfill their potential, they crave the right synaptic inputs to create functional harmony within the spinal cord (33). Herein, lies the importance of targeted rehabilitation. Here, I support the idea that targeted rehabilitation provides the external stimulus needed for this process to occur in the spinal cord– without resorting of chemoattracting approaches (33). While this intricate process remains poorly understood, it may serve as a guiding light in the formation of functional circuits within the spinal cord. Circuits that, in time, may breathe life into the promise of restoring upper extremity function—especially the much-needed hand function.



Conclusion: revolutionizing SCI management—the promise of regenerative rehabilitation

Regenerative rehabilitation presents a promising avenue for individuals living with cervical SCIs. By combining regenerative medicine with targeted rehabilitation strategies, this innovative approach holds the potential to significantly enhance the recovery of upper extremity function.

While traditional treatment methods have shown limitations, regenerative rehabilitation offers a new therapeutic venue. It recognizes the intrinsic regenerative capacity of spinal cord neurons, aiming to create an environment that stimulates growth and repair in the damaged cord. This approach goes beyond symptom management and focuses on addressing the root causes of the injury, promoting neurite regeneration, and reestablishing critical connections within the spinal cord.

The synergy of regenerative rehabilitation with various therapeutic approaches, including pharmacological interventions, and neuromodulation, provides a comprehensive strategy to optimize recovery.

One of the key elements in the success of regenerative rehabilitation is the provision of an external stimulus through rehabilitation practices and neuromodulation strategies. These stimuli shape plasticity, propelling use-dependent plasticity within the spinal cord, and setting the stage for the release of neurotrophic factors like brain-derived neurotrophic factor. These factors promote, enhance, and restore the balance between inhibition and excitation, awakening the dormant axonal regeneration and synaptogenesis. Regenerative rehabilitation is not a solo act, but a symphony, harmonizing the finest facets of multiple fields to achieve the most promising results.

Yet, it's crucial to remain aware of the challenges and boundaries that regenerative rehabilitation deals with, including its financial costs and the ongoing need for refining and adapting the approach across various injury types and stages.

The future of regenerative rehabilitation in the management of SCIs is filled with promise. As our comprehension of the intricate interplay between regenerative medicine, rehabilitation, and neuromodulation deepens, we anticipate increasingly effective, personalized treatments. In summary, regenerative rehabilitation charts a transformative course in the SCI landscape. By uniting state-of-the-art regenerative therapies with precision-targeted rehabilitation practices and neuromodulation, it opens a gateway to unprecedented advancements in upper extremity function and overall quality of life for those living with cervical SCIs. As research advances, regenerative rehabilitation emerges as a promising field of research, promising to restore what was once believed to be irrevocably lost.




Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



Author contributions

GB: Conceptualization, Funding acquisition, Investigation, Visualization, Writing – original draft, Writing – review & editing.



Funding

The author declares financial support was received for the research, authorship, and/or publication of this article.

CIHR, MFE—183072



Conflict of interest

The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Balbinot G, Li G, Kalsi-Ryan S, Abel R, Maier D, Kalke Y-B, et al. Segmental motor recovery after cervical spinal cord injury relates to density and integrity of corticospinal tract projections. Nat Commun. (2023b) 14(1):723. doi: 10.1038/s41467-023-36390-7

2. Snoek GJ, Ijzerman MJ, Hermens HJ, Maxwell D, Biering-Sorensen F. Survey of the needs of patients with spinal cord injury: impact and priority for improvement in hand function in tetraplegics. Spinal Cord. (2004) 42(9):526–32. doi: 10.1038/sj.sc.3101638

3. Tashiro S, Tsuji O, Shinozaki M, Shibata T, Yoshida T, Tomioka Y, et al. Current progress of rehabilitative strategies in stem cell therapy for spinal cord injury: a review. NPJ Regen Med. (2021) 6(1):81. doi: 10.1038/s41536-021-00191-7

4. Tashiro S, Nakamura M, Okano H. Regenerative rehabilitation and stem cell therapy targeting chronic spinal cord injury: a review of preclinical studies. Cells. (2022) 11(4):685. doi: 10.3390/cells11040685

5. Krisa L, Runyen M, Detloff MR. Translational challenges of rat models of upper extremity dysfunction after spinal cord injury. Top Spinal Cord Inj Rehabil. (2018) 24(3):195–205. doi: 10.1310/sci2403-195

6. Zipser CM, Cragg JJ, Guest JD, Fehlings MG, Jutzeler CR, Anderson AJ, et al. Cell-based and stem-cell-based treatments for spinal cord injury: evidence from clinical trials. Lancet Neurol. (2022) 21(7):659–70. doi: 10.1016/S1474-4422(21)00464-6

7. Gesslbauer B, Hruby LA, Roche AD, Farina D, Blumer R, Aszmann OC. Axonal components of nerves innervating the human arm. Ann Neurol. (2017) 82(3):396–408. doi: 10.1002/ana.25018

8. Balbinot G, Li G, Gauthier C, Musselman KE, Kalsi-Ryan S, Zariffa J. Functional electrical stimulation therapy for upper extremity rehabilitation following spinal cord injury: a pilot study. Spinal Cord Ser Cases. (2023a) 9(1):11. doi: 10.1038/s41394-023-00568-4

9. Anderson MA, Squair JW, Gautier M, Hutson TH, Kathe C, Barraud Q, et al. Natural and targeted circuit reorganization after spinal cord injury. Nat Neurosci. (2022) 25:1584–96. doi: 10.1038/s41593-022-01196-1

10. Lorach H, Galvez A, Spagnolo V, Martel F, Karakas S, Intering N, et al. Walking naturally after spinal cord injury using a brain–spine interface. Nature. (2023) 618(7963):126–33. doi: 10.1038/s41586-023-06094-5

11. Bednar MS, Woodside JC. Management of upper extremities in tetraplegia: current concepts. J Am Acad Orthop Sur. (2018) 26(16):e333–41. doi: 10.5435/JAAOS-D-15-00465

12. Moore AM, Franco M, Tung TH. Motor and sensory nerve transfers in the forearm and hand. Plast Reconstr Surg. (2014) 134(4):721–30. doi: 10.1097/PRS.0000000000000509

13. Poplawski GHD, Kawaguchi R, Van Niekerk E, Lu P, Mehta N, Canete P, et al. Injured adult neurons regress to an embryonic transcriptional growth state. Nature. (2020) 581(7806):77–82. doi: 10.1038/s41586-020-2200-5

14. Katoh H, Yokota K, Fehlings MG. Regeneration of spinal cord connectivity through stem cell transplantation and biomaterial scaffolds. Front Cell Neurosci. (2019) 13:1–22. doi: 10.3389/fncel.2019.00248

15. Tator CH, Hashimoto R, Raich A, Norvell D, Fehlings MG, Harrop JS, et al. Translational potential of preclinical trials of neuroprotection through pharmacotherapy for spinal cord injury. J Neurosurg Spine. (2012) 17(1 Suppl):157–229. doi: 10.3171/2012.5.aospine12116

16. Luo M, Li YQ, Lu YF, Wu Y, Liu RS, Zheng YR, et al. Exploring the potential of RhoA inhibitors to improve exercise-recoverable spinal cord injury: a systematic review and meta-analysis. J Chem Neuroanat. (2021) 111:101879. doi: 10.1016/j.jchemneu.2020.101879

17. Fehlings MG, Chen Y, Aarabi B, Ahmad F, Anderson KD, Dumont T, et al. A randomized controlled trial of local delivery of a rho inhibitor (VX-210) in patients with acute traumatic cervical spinal cord injury. J Neurotrauma. (2021) 38(15):2065–72. doi: 10.1089/neu.2020.7096

18. Fehlings MG, Moghaddamjou A, Harrop JS, Stanford R, Ball J, Aarabi B, et al. Safety and efficacy of riluzole in acute spinal cord injury study (RISCIS): a multi-center, randomized, placebo-controlled, double-blinded trial. J Neurotrauma. (2023) 40(17–18):1878–88. doi: 10.1089/neu.2023.0163

19. Chen MS, Huber AB, van der Haar ME, Frank M, Schnell L, Spillmann AA, et al. Nogo-A is a myelin-associated neurite outgrowth inhibitor and an antigen for monoclonal antibody IN-1. Nature. (2000) 403(6768):434–9. doi: 10.1038/35000219

20. Kempf A, Schwab ME. Nogo-a represses anatomical and synaptic plasticity in the central nervous system. Physiology (Bethesda). (2013) 28(3):151–63. doi: 10.1152/physiol.00052.2012

21. Kucher K, Johns D, Maier D, Abel R, Badke A, Baron H, et al. First-in-man intrathecal application of neurite growth-promoting anti-nogo- a antibodies in acute spinal cord injury. Neurorehabil Neural Repair. (2018) 32(6–7):578–89. doi: 10.1177/1545968318776371

22. Alluin O, Delivet-Mongrain H, Gauthier MK, Fehlings MG, Rossignol S, Karimi-Abdolrezaee S. Examination of the combined effects of chondroitinase ABC, growth factors and locomotor training following compressive spinal cord injury on neuroanatomical plasticity and kinematics. PLoS One. (2014) 9:10. doi: 10.1371/journal.pone.0111072

23. Karimi-Abdolrezaee S, Eftekharpour E, Wang J, Morshead CM, Fehlings MG. Delayed transplantation of adult neural precursor cells promotes remyelination and functional neurological recovery after spinal cord injury. J Neurosci. (2006) 26(13):3377–89. doi: 10.1523/JNEUROSCI.4184-05.2006

24. Lu P, Wang Y, Graham L, McHale K, Gao M, Wu D, et al. Long-distance growth and connectivity of neural stem cells after severe spinal cord injury. Cell. (2012) 150(6):1264–73. doi: 10.1016/j.cell.2012.08.020

25. Pieczonka K, Nakashima H, Nagoshi N, Yokota K, Hong J, Badner A, et al. Human spinal oligodendrogenic neural progenitor cells enhance pathophysiological outcomes and functional recovery in a clinically relevant cervical spinal cord injury rat model. Stem Cells Transl Med. (2023) 12(9):603–16. doi: 10.1093/stcltm/szad044

26. Lu P, Freria CM, Graham L, Tran AN, Villarta A, Yassin D, et al. Rehabilitation combined with neural progenitor cell grafts enables functional recovery in chronic spinal cord injury. JCI Insight. (2022) 7:16. doi: 10.1172/jci.insight.158000

27. Hachem LD, Balbinot G, Fehlings MG. A digital bridge to reverse paralysis. Cell Res. (2023) 33(12):892–3. doi: 10.1038/s41422-023-00845-9

28. Hofer AS, Schwab ME. Enhancing rehabilitation and functional recovery after brain and spinal cord trauma with electrical neuromodulation. Curr Opin Neurol. (2019) 32(6):828–35. doi: 10.1097/WCO.0000000000000750

29. Penfield W. The cerebral cortex of man: a clinical study of localization of function. J Am Med Assoc. (1950) 144(16):1412. doi: 10.1001/jama.1950.02920160086033

30. Penfield W, Boldrey E. Somatic motor and sensory representation in the cerebral cortex of man as studied by electrical stimulation. Brain. (1937) 60(4):389–443. doi: 10.1093/brain/60.4.389

31. Jenny AB, Inukai J. Principles of motor organization of the monkey cervical spinal cord. J Neurosci. (1983) 3(3):567–75. doi: 10.1523/jneurosci.03-03-00567.1983

32. Jo HJ, Perez MA. Corticospinal-motor neuronal plasticity promotes exercise-mediated recovery in humans with spinal cord injury. Brain. (2020) 143(5):1368–82. doi: 10.1093/brain/awaa052

33. Squair JW, Milano M, De Coucy A, Gautier M, Skinnider MA, James ND, et al. Recovery of walking after paralysis by regenerating characterized neurons to their natural target region. Science. (2023) 381(6664):1338–45. doi: 10.1126/science.adi6412

34. Batty NJ, Torres-Espín A, Vavrek R, Raposo P, Fouad K. Single-session cortical electrical stimulation enhances the efficacy of rehabilitative motor training after spinal cord injury in rats. Exp Neurol. (2020) 324:113136. doi: 10.1016/j.expneurol.2019.113136

35. Kathe C, Skinnider MA, Hutson TH, Regazzi N, Gautier M, Demesmaeker R, et al. The neurons that restore walking after paralysis. Nature. (2022) 611(7936):540–7. doi: 10.1038/s41586-022-05385-7

36. Kadoya K, Lu P, Nguyen K, Lee-Kubli C, Kumamaru H, Yao L, et al. Spinal cord reconstitution with homologous neural grafts enables robust corticospinal regeneration. Nat Med. (2016) 22(5):479–87. doi: 10.1038/nm.4066

37. Rosenzweig ES, Courtine G, Jindrich DL, Brock JH, Ferguson AR, Strand SC, et al. Extensive spontaneous plasticity of corticospinal projections after primate spinal cord injury. Nat Neurosci. (2010) 13(12):1505–12. doi: 10.1038/nn.2691



OPS/images/fresc-04-1320211-g001.jpg
Neuror

Neurome

Neurotrophic factors
Res

Targeted circuit
formation/reorganization

Cell-based or stem cell-based
therapies

Anti-inflamation

storation of inhibitory control via

BDNF-KCC2 expression
Spike timing-dependent plasticity
Anti-inflamation

Activation of top-down circuits

Activation of bottom-up circuits

+
Synergistic effects

Survival, proliferation, differentiation,
and integration

Axonal regeneration

Formation of bypass relay circuits

Synaptogenesis

Enhanced neuronal activity

Neural  fd . N
|//| Biomaterials
& Stem cells %4

Integration
with afferent
pathways

Integration
with efferent
pathways

"\ Re-opening
| the window
/ of plasticity

Damaged CST






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Neuromodulation to guide circuit reorganization with regenerative therapies in upper extremity rehabilitation following cervical spinal cord injury

		Introduction to regenerative rehabilitation for upper extremity recovery using regenerative approaches



		Regenerative rehabilitation for upper extremity recovery



		Neuromodulation



		Understanding cervical spinal cord injuries



		Current treatment options for cervical spinal cord injuries











		Exploring regenerative rehabilitation for cervical spinal cord injuries



		Regenerative rehabilitation using pharmacological agents, antibodies or enzymes



		Regenerative rehabilitation with cell-based and stem-cell-based therapies











		Case studies: regenerative rehabilitation in current clinical practice



		Unlocking enhanced upper extremity recovery through regenerative rehabilitation



		Activity-based therapy: trunk and proximal upper extremity stability, reaching and grasping, and hand dexterity



		Functional electrical stimulation (FES) therapy



		Spinal cord stimulation



		Unleashing the potential of upper motor neurons: a path to enhanced recovery











		Discussion



		Navigating the hurdles: challenges and limitations of regenerative rehabilitation



		The future of regenerative rehabilitation in spinal cord injury management



		Conclusion: revolutionizing SCI management—the promise of regenerative rehabilitation











		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Rehabilitation Sciences

Neuromodulation to guide circuit
reorganization with regenerative
therapies in upper extremity
rehabilitation following cervical
spinal cord injury





OPS/images/fresc-04-1320211-g002.jpg
Neurorehabilitation
Activity-based therapy
Mass practice

Reaching
and grasping

)

Trunk and proximal
limb strength

| Dexterity

Hand function

Coordination
Synergies
Groming

Strength
Movement
against
gravity

+ Neuromodulation
Functional electrical stimulation (FES)
Spinal cord stimulation
Cortical and paired associative stimulation

Sensorimotor integration

Proprios,

Sympathetic
ganglion

S
$
&
$
S
\)(0@
2

Primary
somatosensory
X

Motor
cortex

Spinal
cord
>

Muscle
spindle

Muscle










OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
& frontiers | Frontiers in Rehabilitation Sciences





