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Complete spinal cord injury (SCI) leads to permanent motor, sensitive and sensory deficits. In humans, there is currently

no therapy to promote recovery and the only available treatments include surgical intervention to prevent further damage

and symptomatic relief of pain and infections in the acute and chronic phases, respectively. Basically, the spinal cord is

classically viewed as a nonregenerative tissue with limited plasticity. Thereby the establishment of the “glial” scar which

appears within the SCI is mainly described as a hermetic barrier for axon regeneration. However, recent discoveries have

shed new light on the intrinsic functional plasticity and endogenous recovery potential of the spinal cord.
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1. Introduction

In order to study SCI, several lesion paradigms and different animal species have been proposed, used and described. In

fact, experimental SCI models can be classified, firstly, according to their severity, such as mild or severe, secondly,

according to the type of injury: contusion or transection and, thirdly, according to anatomical considerations, such as

complete or incomplete. These classifications are of primary importance since the type of injury will influence the

secondary event cascades. Indeed, several studies have described that axonal regrowth can occur after SCI in the case

of incomplete injury such as hemisection . Maier et al., in 2008, have shown in an elegant study that after a unilateral

corticospinal tract (CST) injury, constraint-induced movement therapy enhances axonal regrowth. Using anterograde

tracing, this study demonstrated that CST fibers can cross the midline and grow toward the contralateral denervated gray

matter, inducing functional recovery .

The peripheral nervous system (PNS) is well known for its intrinsic regrowth capabilities. In fact, peripheral nerve (PN)

injury induces degeneration of the distal part of the PN, called Wallerian degeneration, dedifferentiation of the Schwann

cells present in the distal stump and axonal regrowth from the axonal growth cone present in the proximal stump of the

injured nerve . Researchers took advantage of these properties and propose to use them as therapy. Peripheral nerve

graft (PNG) bridging model-based studies have shown elegantly that axons can regrow in an injury context. In effect, in

2002, Gauthier et al. used, for the first time, this paradigm in a cervical hemisection model . They described that a

peripheral nerve can be used as a graft to bridge the two stumps of a lesioned spinal cord, the spared axons which are

present above the lesion grow into the graft and restore the breathing function by the denervated hemidiaphragm .

Interestingly, Alilain et al., using the same model in 2011, have shown that restored breathing function is abolished after

transection of the PNG, underlining the main importance of the axonal regrowth in breathing recovery .

Another experimental model based on the link between the PNS and the central nervous system is the conditioning lesion

paradigm. This model was described several decades ago , in this model a crush lesion of a PN (conditioning lesion)

before SCI induces axonal regrowth into the lesioned spinal cord. This effect can also be found after the administration of

chemical demyelinating agents into the PN . Even if the precise cellular and molecular mechanisms which enhance

axonal regrowth are not well known, this model reflects the plasticity which can take place in the injured spinal cord.

Interestingly, recently, a new conditioning model has been described. Indeed, intermittent hypoxia preconditioning has

been described as a model which enhances axonal plasticity of the injured spinal cord .

2. Plasticity of the Injured Spinal Cord

The spinal cord, and in particular the injured spinal cord, possesses an underestimated and underexploited plasticity. The

increasing knowledge regarding the microenvironment after SCI could in the near future bring new potential therapies.

Several limitations still need to be overcome. Indeed, most of the studies which try to evaluate axonal regrowth after SCI

and/or treatment are often blind about the nature, the origin and the targets of the regrowing fibers. Moreover, to date,

after SCI, no treatment can induce axonal regrowth of selective fibers. Thus, several studies have reported that axonal
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regrowth can be correlated to allodynia or neuropathic pain . In order to know and understand not only the targets of the

regrowing fibers it will be important also to stress the functionality and, in particular, the relevance of these fibers during

locomotion. This question could be addressed with gain and loss of function approaches using optogenetic or

chemogenetic tools .

Another very important question which needs to be investigated is the precise role played by the different populations and

subpopulations of cells in the establishment of the inhibitory microenvironment at the lesion site. Indeed, the main events

and the overall implicated cells are known, however, the precise role played by astrocytes, ependymal cells, microglia,

macrophages, pericytes, e.g., subpopulations, are not clearly known. Moreover, the lesioned spinal cord

microenvironment evolves over time after SCI, it could be very important to investigate the evolution of the different

cellular populations at acute and chronic phases which could be achieved by spatial mapping using single cell/single

nucleus sequencing experiments .

An associated question is also the role of the cells implicated in the lesion scar during aging. In fact, SCI nowadays in

occidental countries, concerns not only teenagers and young adults but also the elderly . Few studies have inquired

about the effects of SCI during aging. What is already known is that the spinal cord stem cell potential decreases over

time . The investigation about the other cell types is of primary importance to propose personalized treatment according

to the age of the injured patient.

Finally, it is important to put into a clinical perspective all these recent discoveries and knowledge which have been mainly

reported in rodents. Indeed, there are several differences between humans and rodents regarding SCI. First, in humans,

SCIs are mainly due to falls or traffic accidents, meaning that injuries are mainly contusive or compressive . Moreover,

in humans, between half to two thirds of the SCIs are incomplete and more than half of them happen at cervical level .

In the preclinical model, SCIs are rarely performed at cervical level due to possible respiratory complications, most of the

experimental SCIs are performed at thoracic level and mostly by transection . Another difference is also the location

and the relative importance of the different anatomical tracts . Indeed, the descending neuronal tracts are not

positioned in the same parts of the spinal cord and the CST is more developed in humans than in rodents . These

differences between humans and rodents are particularly important. In effect, as discussed above, the intrinsic regrowth

capacities of CST are limited, however, on the other hand, the rerouting of the axonal tracts or even axonal regrowth has

been described after incomplete SCI. Thereby, modulating the descending and ascending tracts after incomplete SCI in

humans could lead to functional recovery. Epidural electrical stimulation (EES) has been already investigated in humans

in order to initiate locomotion in injured patients . This treatment has shown promising results. However, this technique

is invasive and it has been reported that EES can lose its effect over time, due to the encapsulation of the electrodes by

fibrous tissue .

The comparison of the cellular events and the establishment of the spinal scar, which takes place after SCI, should also

be compared between humans and rodents. As described above, in mice the spinal scar is composed of a fibrotic

component and presents no cystic cavity even several months after SCI. Whereas in rats, the first weeks after SCI the

spinal scar is composed of a fibrotic component in the transection model and also in contusive SCI. However, several

months after SCI the fibrotic component of the scar decreases and the spinal cord presents cystic cavities in both

penetrating and contusive injuries . These differences are of primary importance because they illustrate the

heterogeneity of the cells which compose the scars between species. The knowledge regarding the cellular heterogeneity

of the lesioned spine is not well characterized in humans. For example, the reactivity of ependymal cells after SCI in

humans is still under debate. Indeed, Garcia-Ovejero et al. have demonstrated using MRI, immunohistology and gene

expression profiling, that the central canal is virtually absent and is mainly constituted by perivascular pseudorosettes in

humans . Whereas, in contrast, Ghazale et al. have demonstrated, also using immunohistology and gene expression

profiling, that the central canal region in humans expresses stem cell markers . Further investigations will be needed to

clarify the precise structure of the central canal and the precise role which can be played by ependymal cells after SCI in

humans. These questions regarding the stem cell potential of the ependymal cells in humans might be broadened to the

different cells which compose the scar after SCI. We can hope that the human atlas project will unveil even partially the

cellular heterogeneity of the spinal cord in physiological and in injury contexts and will provide new insights for future

research .
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