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Abstract 

Traumatic spinal cord injury (SCI) remains a serious condition with limited treatment options and 

poor regenerative outcomes. This review proposes a multi-step, hypothesis-driven regenerative 

protocol based on key cellular and molecular targets involved in SCI repair. The protocol integrates 

two main therapeutic strategies: (1) preservation of damaged tissue through anti-inflammatory and 

anti-edema interventions, and (2) stimulation of endogenous regeneration via astrocyte 

reprogramming, neuronal conversion, and activation of Reelin+ cells to support axonal guidance. The 

proposed protocol also incorporates pharmacological agents such as Rolipram, S-ketamine, BDNF, 

perfluorocarbons, and methylprednisolone to modulate neuroimmune and regenerative responses. 

By targeting multiple pathways including cAMP signaling, Reelin and BDNF expression, and glial-

to-neuronal reprogramming, this framework aims to provide a foundation for future translational 

studies and potentially more effective clinical interventions. The review highlights the need for 

integrated, cell-specific therapies to overcome barriers in SCI treatment and recovery. 

Keywords: astrocyte reprogramming; cellular regeneration; inflammation; spinal cord injury (SCI); 

reelin 

 

1. Introduction 

Traumatic spinal cord injury (SCI) has an incidence ranging from 3 to 196 per million worldwide 

[1]. This condition predominantly impacts young adults, with an average age of 32 years, with a 

significant physical, emotional, and financial impact on patients and their families. Trauma is the 

most prevalent cause of SCI. 

According to the American Spinal Injury Association (ASIA), neurological impairments are 

categorized as follows: A (complete sensorimotor loss below the lesion), B (intact sensory but no 

motor function below the lesion), C (some motor function with most muscles graded below 3), and 

D (most muscles below the lesion graded at 3 or higher)[2]. 

The trauma leads to tissue injury through two mechanisms: primary and secondary injury. 

Primary injury results from direct mechanical trauma to the spinal cord, causing bleeding, tissue 

compression, and necrosis [3], which in turn leads to glial activation, neuroinflammation, and 

oxidative stress in the spinal cord. The severity and outcome of a spinal cord injury (SCI) are largely 

determined by the extent of the primary injury. 

The secondary injury originates from spinal cord oedema, which leads to spinal cord ischemia 

and injury [4]. These events begin a few hours after trauma, and the condition is aggravated by 

involving the autonomous, system presenting with hypotension and therefore affecting neurons and 

glia and inducing necrosis and apoptosis [5]. Apart from that, activated astrocytes release several 
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factors, such as intermediate filaments, GFAP, nestin, and vimentin, which are contributing factors 

in glia scar formation [6]. 

The spinal cord undergoes partial regeneration and recovery after injury, which is clinically not 

significant despite the spontaneous initiation of recovery [7]. Early surgical decompression 24 hours 

post-injury is the most effective method to limit tissue damage following the primary injury [8]. 

Despite extensive research efforts, effective treatment strategies for SCI remain elusive and 

challenging to implement. For example, while stem cell therapy has shown high potential for 

recovery after SCI, its clinical efficacy remains unclear, and the therapy faces several challenges 

before it can be fully implemented [9,10]. Therefore, it is crucial to elucidate the mechanisms by which 

therapies promote regeneration after SCI. Additionally, understanding how to modulate the 

underlying cellular and molecular mechanisms in a coordinated manner is essential to developing 

effective therapies for SCI. 

This review proposes a cell-based therapeutic protocol by focusing on the involved cellular 

mechanisms. This protocol is hypothesized and designed for testing in preclinical studies, with the 

potential for application in clinical trials. 

2. Underlying Mechanism and Cellular and Molecular Pathways of Traumatic 

Spinal Cord Injury 

A therapeutic design based on the underlying mechanisms of spinal cord injury could 

potentially identify targets for effective treatment. As previously mentioned, both direct trauma and 

secondary edema associated with tissue ischemia play important roles in spinal cord injuries. We 

begin by elucidating the main cellular and molecular pathways leading to tissue injury and then, in 

a stepwise manner, present our suggested therapeutic protocol. While the list of factors contributing 

to regeneration after SCI is extensive, we have chosen to focus on pathways that are therapeutically 

targetable in our proposed protocol for SCI recovery. Among the various cell types in the spinal cord 

with potential for regeneration after spinal cord injury, astrocytes, Reelin+ cells, and oligodendrocyte 

precursor cells (OPCs) appear to be promising targets for therapy. However, the roles of other cell 

types, such as progenitor cells, ependymal cells, oligodendrocytes, and microglia, will also be 

discussed (Figures 1 and 2). 
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Figure 1. The schematic illustration of spinal cord and the cellular components in their normal physiologic 

condition. 

 

Figure 2. The schematic illustration of spinal cord injury and the cellular components in their pathologic 

condition. 

3. Astrocytes: Their Roles in Injury Response, Reprogramming, and Synaptic 

Regulation 

Astrocytes are the most abundant type of glial cell in the CNS and play multifaceted roles in 

both health and disease. Under normal conditions, astrocytes support neuronal metabolism, maintain 

extracellular ion balance, regulate neurotransmitter uptake, and contribute to the formation and 

maintenance of the blood-brain barrier. In response to CNS injury, astrocytes undergo morphological 

and functional changes, becoming reactive astrocytes that proliferate and form glial scars (Figure 2). 

While the glial scar serves to contain injury and limit the spread of inflammation, its 

pathophysiological function ultimately inhibits axonal regeneration and impedes functional recovery 

by creating a physical and biochemical barrier to axonal growth. Astrocytes also exhibit remarkable 

plasticity. They have the potential to convert into neurons through a two-step process: first 

transforming into neuroblasts and then into mature neurons [11]. This phenomenon is called 

astrocyte reprogramming [12,13], has been demonstrated not only in the brain but also in the spinal 

cord [14,15]. The efficiency of astrocyte-to-neuron conversion is influenced by the local 

microenvironment, signaling molecules, and the intrinsic gene expression profile of astrocytes. 

Beyond their role in injury and regeneration, astrocytes are essential for synapse homeostasis and 

actively modulate synaptic activity [16]. They participate in the tripartite synapse, responding to and 

regulating neurotransmitter release, synaptic strength, and plasticity. Astrocytic gene expression is 

dynamically regulated by synaptic activity, primarily through cAMP–PKA signaling pathways [17]. 

This has led researchers to investigate small molecules such as cAMP and its stimulator Rolipram (a 

phosphodiesterase-4 inhibitor) for their effects on astrocyte reprogramming and neuronal 

transformation. These interventions induce the expression of neuronal markers [18], promote neurite 
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outgrowth, and alter astrocyte morphology [19]. Moreover, increased cAMP levels drive actin 

polymerization, resulting in actin cytoskeleton remodeling of astrocytes [20], which is crucial for 

changes in cell shape and motility. Astrocytes also play a key role in neuroinflammation; 

proinflammatory cytokine release is regulated by the cAMP pathway. Analogs of cAMP can reduce 

the release of proinflammatory cytokines and TNFα from astrocytes [19], conferring a 

neuroprotective effect [21]. Dysregulation of these processes has been implicated in a variety of 

neurological and psychiatric disorders, highlighting astrocytes as potential therapeutic targets for 

modulating neuroinflammation, promoting regeneration, and restoring synaptic function. 

Astrocyte reprogramming into neurons across different CNS regions involves a complex 

interplay of molecular mechanisms, and these mechanisms can vary depending on the local 

environment and astrocyte subtype in each region. There are several molecular mechanisms 

underlying astrocyte reprogramming. For example, the alteration in expression of transcription 

factors (TFs) such as Ascl1, NeuroD1, Ngn2, and Brn2 can directly reprogram astrocytes into neurons 

both in vitro and in vivo [22,23]. The efficacy and outcome of TF-mediated reprogramming can differ 

by CNS region due to the intrinsic molecular diversity of astrocytes. For example, astrocytes in the 

cortex, hippocampus, and striatum express distinct sets of genes and respond differently to 

reprogramming cues. Apart from that, regional heterogeneity in astrocyte gene expression and 

function (e.g., glucose and potassium homeostasis, synaptic regulation) influences their 

responsiveness to reprogramming factors [24]. 

4. Reelin+ Cells: Key Roles in Extracellular Matrix Formation and  

Neuronal Migration 

The next candidate cell type is reelin+ cells, which are defined by their secretion of the large 

extracellular matrix glycoprotein Reelin. Reelin is a master regulator of neuronal migration during 

development, particularly within the neocortex, where it acts as a stop signal for radially migrating 

neurons, ensuring the correct “inside-out” patterning of cortical layers [25]. Reelin’s complex 

structure featuring an N-terminal region, eight epidermal growth factor (EGF)-like repeats, and a 

highly conserved C-terminal domain enables its dual roles in extracellular matrix organization and 

cellular signalling [26]. This process is mediated through the binding of Reelin to the very low-density 

lipoprotein receptor (VLDLR) and apolipoprotein E receptor 2 (ApoER2), which triggers 

phosphorylation of the intracellular adaptor protein Dab1 and subsequent cytoskeletal 

reorganization [27,28]. In the spinal cord, Reelin mRNA expression is found in both ventral and 

intermediate regions, where it provides positional information that guides the migration of 

preganglionic neurons [29]. However, this regulatory function of Reelin is limited to radial migration, 

as other types of migration, such as tangential migration and the dorsally directed movement of 

preganglionic neurons, are not affected in the absence of reelin secretion [29]. Beyond its role in 

migration, Reelin in connection with netrin-1 guides commissural axons. While netrin-1 attracts 

axons toward the midline, Reelin stabilizes their trajectory post-crossing, preventing aberrant 

recrossing and ensuring proper circuit formation [30,31]. This networking is essential for the 

establishment of functional neural networks throughout the central nervous system. 

At the behavioral level, Reelin deficiency disrupts limb coordination by desynchronizing lumbar 

and cervical central pattern generators, resulting in symptoms such as ataxia, weakness, and muscle 

paralysis, which are reminiscent of those observed in reeler mutant animals [26,32]. Therefore, reelin 

could be considered part of therapeutic strategies for treating movement complications after spinal 

cord injury. Reelin’s influence extends well beyond development. In the adult brain, Reelin enhances 

synaptic plasticity by modulating NMDA receptor function and promoting dendritic spine 

maturation, thereby facilitating long-term potentiation and supporting learning and memory 

processes [33]. Dysregulation of Reelin signaling is implicated in a range of neurological and 

psychiatric disorders. For example, reduced Reelin expression has been associated with synaptic 

deficits in autism spectrum disorder and schizophrenia [34]. The therapeutic potential of Reelin is 

considered by its ability to promote neural repair following injury. Reelin signaling reduces 
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glutamate excitotoxicity through Disabled-1 (Dab1)/PI3K-dependent pathways [35] and enhances 

axon regeneration in models of spinal cord injury [36]. 

In summary, Reelin+ cells are critical for extracellular matrix formation, neuronal migration, and 

synaptic function throughout development and adulthood. Their dysfunction is implicated in a 

spectrum of neurodevelopmental and neurodegenerative disorders, and targeting Reelin signaling 

offers promising avenues for therapeutic intervention. 

5. Ependymal Cells and Neural Progenitors: Challenges and Potential in Spinal 

Cord Injury Repair 

The ependymal canal, lining the central canal of the spinal cord, includes critical cell populations 

for neural repair. Ependymal cells (Foxj1+) function as neural stem cells (NSCs) and generate 

astrocytes and oligodendrocytes after SCI [37]. These astrocytes are involved in glial scar formation, 

a major barrier to regeneration, after spinal cord injury in adulthood. However, Nestin-positive 

progenitor cells reside in the central canal, alongside NG2+ glial progenitors and Olig2+ 

oligodendrocyte precursors in the surrounding ependymal zone [38,39]. 

The ependymal canal is the origin of tanycytes, a special type of ependymal cell that could serve 

as a source of neural progenitor cells (NPCs) and regulate neurogenesis through morphogen 

signalling. Tanycytes and tanycyte-like ependymal cells in the central canal express neural stem cell 

markers and can generate astrocytes and oligodendrocytes in response to injury, indicating their 

potential as a regenerative factor [40]. 

Neurogenesis occurs within a week after SCI, after which the generated cells can migrate to the 

site of injury. The BDNF/TrkB pathway modulates this neurogenic response, supporting NPC 

survival and differentiation [41]. However, challenges remain in distinguishing the contributions of 

ependymal cells, NPCs, and infiltrating macrophages, as these populations may express overlapping 

markers and respond to similar environmental cues at the injury site. The lesion environment is 

further complicated by necrosis of cellular and extracellular matrix components, which can obscure 

the regenerative potential of endogenous progenitors [42]. Age-related changes significantly affect 

the regenerative capacity of ependymal cells following spinal SCI. At birth, all spinal cord stem cell 

potential is localized within ependymal cells, but this capacity decreases over time. Juvenile 

ependymal cells exhibit a much higher intrinsic self-renewal ability compared to adult cells, both in 

uninjured states and after SCI. For example, in vitro and in vivo studies show that juvenile (P21) 

ependymal cells have a five-fold increase in self-renewal potential compared to adult cells following 

SCI, and this effect is transient, gradually disappearing with repeated cell passaging [43]. Apart from 

that, as ependymal cells mature, their ability to proliferate and function as neural stem cells declines. 

Studies using single-cell analyses have identified a progressive increase in the fraction of mature 

ependymal cells with age, accompanied with a reduction in their stem-like and proliferative 

properties. This maturation process is dynamic and further limits the regenerative response to injury 

in older animals [44,45]. 

Clinical evidence indicates that spontaneous functional recovery after traumatic SCI is limited 

in mammals, with outcomes dominated by astrogliosis, scar formation, and persistent inflammation 

rather than regeneration [46]. In contrast, regenerative models attributed to the ability of glial cells to 

adopt a pro-regenerative phenotype and avoid scar formation [47]. These species also exhibit 

metabolic adaptations, such as hypoxia tolerance and lower succinate concentrations, which may 

mitigate inflammatory responses and promote tissue repair [48] suggesting that metabolic differences 

lead to varied glial and immunologic responses in mammalian cell types, resulting in poor recovery 

and regeneration in the spinal cord after SCI. Despite the normal response of ependymal and NPC 

after SCI, recovery often results in astrogliosis, scar formation, PMN and macrophage infiltration, 

and necrosis rather than regeneration. This explains why regeneration does not occur immediately 

after SCI in mammals. The major targeted cells for treatment purposes are shown in Figure 1. 

Recent studies have highlighted the importance of Wnt/β-catenin signaling in the development 

and maintenance of ependymal cells in the spinal cord. Wnt-responsive progenitor cells are restricted 
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to the dorsal midline during development and give rise to dorsal ependymal cells in a spatially 

restricted pattern. In the postnatal and adult spinal cord, all ependymal cells express Wnt/β-catenin 

signaling components, and disruption of this pathway impairs ependymal cell proliferation, 

underscoring its continued importance for ependymal cell homeostasis [49]. 

In summary, while the ependymal canal serves as a niche for neural progenitor cells with 

regenerative potential, the mammalian response to SCI is constrained by scar formation, 

inflammation, and metabolic limitations. Targeting signaling pathways such as Wnt and BDNF, or 

modulating the metabolic and immune milieu, may offer new strategies to enhance endogenous 

repair and functional recovery after SCI. 

6. Role of Microglia in CNS Homeostasis and Spinal Cord Injury: Balancing 

Protection and Neurodegeneration 

Microglia are highly specialized resident phagocytes of the central nervous system (CNS), acting 

as innate immune responders and essential regulators of neural development, homeostasis, and 

injury response. These cells, originally derived from yolk sac progenitors during embryogenesis, 

populate the CNS early in development and persist throughout life, continually surveying the 

microenvironment for signs of damage, infection, or dysfunction [50]. In the healthy brain and spinal 

cord, microglia exist in a ramified, or surveying, state, dynamically interacting with neurons and 

synapses to support synaptic pruning, neurogenesis, and the refinement of neural circuits. Their 

activity is critical for maintaining neural plasticity and synaptic function, as well as for the removal 

of cellular debris and the clearance of apoptotic neurons during development [51]. Upon spinal cord 

injury (SCI), microglia rapidly transition to an activated, amoeboid morphology and migrate to the 

site of injury, where they play a dual role in neuroprotection and neuroinflammation. In the acute 

phase following SCI, microglia are essential for limiting secondary damage by phagocytosing cellular 

debris, secreting neurotrophic factors, and modulating the activity of other glial cells. Early activation 

of microglia can help prevent excessive astrocytic scar formation, which is important for preserving 

tissue integrity and preventing further axonal degeneration [52]. However, the beneficial effects of 

microglial activation are time-limited and context-dependent. Excessive or prolonged activation 

leads to the release of proinflammatory cytokines, such as interleukin-1β (IL-1β), interleukin-6 (IL-6), 

and tumor necrosis factor-α (TNF-α), which have potent neurotoxic effects and contribute to 

neuronal apoptosis, synaptic dysfunction, and neurodegeneration [51–54]. The interplay between 

microglia and infiltrating macrophages is a critical determinant of injury outcome. In the early stages 

following SCI, macrophages and microglia exhibit distinct but complementary roles. Macrophages, 

which are recruited from the circulation, inhibit the phagocytic activity of microglia, while microglia, 

in turn, induce the phagocytic activity of macrophages, creating a dynamic balance that helps to clear 

debris and limit inflammation. However, after the first week post-injury, this balance shifts toward a 

more pronounced proinflammatory state, characterized by increased phagocytic activity in both cell 

types and increased production of cytokines and reactive oxygen species (ROS). This transition is 

associated with the onset of secondary injury processes, including oxidative stress, excitotoxicity, and 

the activation of cell death pathways, which collectively exacerbate tissue damage and impair 

functional recovery [51–54]. 

Recent studies have highlighted the importance of microglial polarization in determining the 

outcome of SCI. Microglia can adopt either a proinflammatory (M1) or an anti-inflammatory (M2) 

phenotype, depending on the local microenvironment and the timing of injury. In the acute phase, 

M2 microglia predominate and contribute to tissue repair by secreting anti-inflammatory cytokines 

(e.g., IL-10, transforming growth factor-β [TGF-β]) and promoting the clearance of apoptotic cells 

[54,55]. However, as the injury progresses, the balance shifts toward the M1 phenotype, which is 

characterized by the production of proinflammatory mediators and the induction of cytotoxic 

pathways. This phenotypic switch is a key factor in the transition from neuroprotection to 

neurodegeneration and is influenced by a variety of intrinsic and extrinsic factors, including aging, 

metabolic state, and the presence of systemic inflammation [50,56]. 
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Emerging evidence also suggests that microglia play a role in modulating the activity of other 

glial cells, such as astrocytes and oligodendrocytes, during SCI. Microglia-derived signals can 

influence astrocyte reactivity and the formation of the glial scar, which is a major barrier to axonal 

regeneration. While the glial scar is essential for limiting the lesion and preventing the spread of 

inflammation, excessive scar formation can delay axonal growth and functional recovery [54,57]. 

Microglia also interact with oligodendrocyte precursor cells (OPCs) to regulate remyelination, 

although the precise mechanisms underlying these interactions remain an active area of investigation 

[58]. 

In summary, microglia are central players in the maintenance of CNS homeostasis and the 

response to SCI. Their ability to transition between protective and proinflammatory states is critical 

for proper injury response, but dysregulation of this balance can lead to chronic inflammation and 

neurodegeneration. Understanding the molecular and cellular mechanisms that govern microglial 

activation and polarization is essential for the development of targeted therapies aimed at promoting 

neuroprotection and functional recovery after SCI. 

7. Role of Stem Cell Therapy in Spinal Cord Injury 

Despite significant advances in regenerative medicine, stem cell therapy has not yet resulted in 

any approved treatment for spinal cord injury (SCI) [59]. The translation of stem cell approaches into 

effective therapies for SCI remains limited, largely because the progression of SCI and its response to 

treatment depend on a complex interplay of molecular and cellular mechanisms that are not yet fully 

understood. One area of active research focuses on the activation of endogenous neural stem cells 

(NSCs) following injury. After SCI, endogenous NSCs residing in the spinal cord’s ependymal zone 

become activated, leading to their proliferation and migration towards the injury site. This response 

is regulated by multiple signaling pathways, including Notch, Wnt, and Sonic Hedgehog, and is 

supported by the local release of growth factors such as BDNF, NGF, and FGF. These processes 

collectively contribute to remyelination and limited neural regeneration, although endogenous repair 

alone is generally insufficient to restore function due to inhibitory factors in the injury environment, 

such as glial scar formation and chronic inflammation. In addition to endogenous repair, 

transplantation of exogenous stem cells has been explored as a strategy to enhance regeneration. 

Several cell sources have been investigated for this purpose. Adult NSCs can be harvested from 

regions such as the periventricular zone of the midbrain and transplanted into injured spinal cord 

tissue in animal models, where they have shown some capacity to differentiate and integrate. 

Embryonic stem cells (ESCs) offer pluripotency and the potential to generate a wide range of neural 

cell types, but their clinical use is limited by ethical concerns and the risk of immune rejection. 

Induced pluripotent stem cells (iPSCs), which are generated by reprogramming somatic cells, 

represent a promising alternative [60]. iPSCs can be derived from the patient, reducing 

immunological barriers, and have demonstrated the ability to differentiate into neural lineages and 

support functional recovery in preclinical SCI models. Collectively, studies using these various cell 

types in animal models have demonstrated improvements in locomotor function, remyelination, and 

axonal regeneration, although the degree of benefit varies depending on the cell type, transplantation 

technique, and number of cells delivered. Furthermore, combining stem cell transplantation with 

biomaterial scaffolds or neurotrophic factor delivery can enhance cell survival and integration, 

suggesting that multimodal approaches may be necessary for optimal repair [61,62]. 

Despite these promising preclinical results, clinical translation faces several challenges. 

Immunological compatibility, the hostile post-injury microenvironment, risk of tumorigenicity 

(especially with pluripotent cells), and variability in patient response all present significant barriers. 

There is a need for improved patient selection criteria, refinement of cell sources and transplantation 

protocols, and the development of combinatorial therapies that address both cellular replacement 

and the modulation of the injury environment. 

In conclusion, while stem cell therapy offers considerable promise for SCI repair, its clinical 

application requires further research to optimize cell sources, delivery methods, and patient selection. 
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Integrating stem cell transplantation with other regenerative strategies and rigorous clinical trial 

design will be essential to realize the full therapeutic potential of this approach [59,63] 

8. Conclusions 

In summary, spinal cord injury remains one of the most complex and challenging neurological 

conditions to treat, due to the multifaceted cellular and molecular disruptions it induces. By 

combining pharmacological agents and targeting endogenous cell populations, it is possible to bridge 

the gap between injury stabilization and functional regeneration. Ultimately, targeting multiple 

regenerative pathways simultaneously may pave the way for more effective interventions and 

improved outcomes for individuals living with SCI. 
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