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Abstract

Spinal cord injury is currently incurable. Treatment is limited to minimizing secondary
complications and maximizing residual function by rehabilitation. Neurologic recovery is
prevented by the poor intrinsic regenerative capacity of neurons in the adult central nervous system
and by the presence of growth inhibitors in the adult brain and spinal cord. Here we identify three
approaches to rewire the spinal cord after injury: axonal regeneration (direct endogenous
reconnection), axonal sprouting (indirect endogenous reconnection) and neural stem cell
transplantation (indirect exogenous reconnection). Regeneration and sprouting of axonal fibers can
be both enhanced through the neutralization of myelin- and extracellular matrix-associated
inhibitors described in the first part of this review. Alternatively, in the second part we focus on the
formation of a novel circuit through the grafting of neural stem cells in the lesion site.
Transplanted neural stem cells differentiate /77 vivo into neurons and glial cells which form an
intermediate station between the rostral and caudal segment of the recipient spinal cord. In
particular, here we describe how neural stem cells-derived neurons are endowed with the ability to
extend long-distance axons to regain the transmission of motor and sensory information.

Introduction

Traumatic spinal cord injury (SCI) is a debilitating condition characterized by the sudden
loss of sensory, motor and autonomic functions distal to the level of the trauma. Despite
major advances in the medical and surgical care of SCI patients, no effective treatment exists
to relieve the neurological deficits [1]. In fact, current interventions include surgery to
stabilize the lesioned area, prevention of secondary complications and rehabilitation.
However, the neurological dysfunction is permanent and SCI patients often experience a
lifelong disability. The lack of functional improvement has been traditionally attributed to
the failure of long-distance regeneration of severed axons in the spinal cord. Once the tissue
has been damaged, the axons show a poor regeneration capacity through the injured area,
thus irreversibly compromising the transmission of motor and sensory information.
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Therefore, SCI is fundamentally a problem of interrupted communication between the brain
and the distal spinal cord, and motor recovery ultimately depends on re-establishing a
connection between cortical projection neurons and spinal motor neurons. Conceptually, we
consider three distinct means to achieve reconnection: direct endogenous, indirect
endogenous and indirect exogenous. Direct reconnection therapeutics are based on
encouraging regeneration of damaged fibers in order to establish synaptic contacts with their
original target neurons and restore the pre-existing circuit (Fig. 1A). Indirect endogenous
reconnection refers to the establishment of new connections by sprouting axons either rostral
or distal to the level of the trauma (Fig. 1A). Finally, indirect exogenous reconnection relies
on the implantation of new cells at the lesion site and the establishment of novel circuits
(Fig. 1B).

Axonal regeneration may be achieved either by potentiating the intrinsic regenerative
capacity of the severed neurons or by modifying the environment surrounding the injury. At
present successful preclinical methods to boost the intrinsic growth capacity of axons rely on
the genetic manipulation of cortical neurons, for instance through the overexpression of
Kruppel-like factor 7 (KIf7) [2] or through the deletion of the mTOR regulator PTEN [3].
However, the functional consequences of unregulated stimulation of the neuronal growth
program need to be carefully evaluated as it may lead to substantial unintended
complications, including epilepsy, cancer and neuronal hypertrophy [4,5,6]. On the other
hand, regeneration can be promoted by counteracting inhibitors present in the extracellular
environment. The central nervous system (CNS) presents several molecules associated with
myelin and extracellular matrix that impair regeneration of damaged axonal fibers. The
neutralization of these inhibitory components, discussed in the first part of this review,
represents one validated strategy to make the injured area more permissive for both axonal
regeneration and sprouting [7, 8].

The implantation of new exogenous neurons can also support recovery of the motor function
through a relay system. Regenerating descending fibers can form synapses with grafted
cells, which in their turn connect with the target neuron distal to the injury site. Similarly,
connection can be restored for ascending sensory pathways (Fig. 1B). The main advantage
of this approach is that lesioned axons do not need to grow long distances. In fact, the onus
for axon growth is placed on transplanted neurons which are specifically selected for their
ability to extend very long axons /7 vivo [9]. The establishment of a new circuit is at the
basis of neural stem cells (NSCs) transplantation in SCI and will be object of the second part
of this review.

Myelin associated inhibitors (MAI)

Since early observations made by Ernesto Lugaro [10], the presence of inhibitory elements
in the CNS has been extensively described in the literature. In particular, it has been pointed
out that CNS myelin and oligodendrocytes expose molecules able to collapse of axonal
growth cones and that these elements are absent in the peripheral nervous system (PNS),
where axonal regrowth occurs more easily [11,12]. As an additional proof, when a
peripheral nerve lacking neuronal cells is transplanted in a transected spinal cord, CNS
axons are actually able to regenerate into the grafted tissue, avoiding the presence of CNS-
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specific components that otherwise hinder regeneration [13,14]. At present two major
classes of CNS inhibitors have been identified: myelin associated inhibitors (MAI), and
inhibitors associated with the extracellular matrix, typified by chondroitin sulfate
proteoglycans (CSPGs). MAI include several molecules such as Myelin Associated
Glycoprotein (MAG), Oligodendrocyte Myelin glycoprotein (OMgp) and Nogo A.

Nogo A and its receptor complex

Nogo A is a membrane-associated protein that belongs to the reticulon family [15].
Originally identified as a neurite growth inhibitory “activity” enriched in the spinal cord
white matter fraction [16,17] the sequence of Nogo A gene was identified by three
independent laboratories about 16 years ago [15,18,19]. Nogo A is one of three isoforms of
Nogo including also Nogo B, generated by alternative splicing from the same gene, and
Nogo C which is the product of an alternate promoter [15,18]. Nogo A is the principal
isoform of Nogo in the CNS and it is not expressed in the PNS [20,21]. Its role in the
limitation of axonal growth in the CNS has been proved by the ectopic expression of Nogo
A in PNS Schwann cells where it restrains routine peripheral nerve regeneration after sciatic
nerve injury [22]. Nogo A is expressed in many cell types, though it can be mostly found in
the oligodendrocytes and neurons of brain regions with a high degree of network plasticity
including the hippocampus and the cortex [21,23]. Although Nogo A has been well
characterized as a myelin associated inhibitor, its physiological function in oligodendrocytes
has not been fully elucidated yet. Data collected so far from genetically depleted mice show
that the absence of Nogo A delays oligodendrocyte differentiation [24], myelin sheath
formation and axonal caliber growth within the first postnatal month. Moreover, the
combined deletion of Nogo A and MAG leads to delayed myelination [25]. Nogo presents
two active domains: a 66 amino acid loop (Nogo-66) common to all the three isoforms of
Nogo and a unique amino terminal region (amino Nogo) specific to Nogo A [19,26]. Amino
Nogo and Nogo-66 have shown to inhibit neurite outgrowth /n vitro through biochemically
distinct mechanisms [15,18,19,26,27]. Amino Nogo disrupts integrin function [28], whereas
Nogo-66 inhibits growth through its neuronal receptors, Nogo receptor 1 (NgR1) and Paired
Immunoglobulin-like Receptor B (PirB) [7,27,29].

NgR1 is a glycosylphosphatidylinositol (GPI) anchored protein expressed in CNS neurons
and specifically localized on axons terminals [20,27]. NgR1 gene deletion studies with
comprehensive genetic labeling document corticospinal axon regeneration plus sprouting of
multiple pathways after injury [30,31,32,33,95]. As a receptor without a transmembrane
domain, activation of NgR1 must be transduced by co-receptors. Two have been described:
the low-affinity neurotrophin receptor p75, which also interacts with the leucine-rich repeat
(LRR)-protein LINGO-1 to mediate Nogo A signal in some neuronal populations [34], and
the tumor necrosis factor-alpha (TNF-alpha) orphan receptor, TROY, which alternatively
substitutes p75 in the NgR1-p75-LINGO-1 complex [8,35]. The interaction of Nogo-66 with
NgR1 ultimately leads to the activation of the small GTPase RhoA and its effector ROCK,
thus mediating growth cone collapse and growth arrest of neurites [36]. It has been recently
found that RhoA is a downstream effector common to amino Nogo signaling pathway.
Amino Nogo binds to the sphingosine-1-phosphate receptor 2 (S1PR2), thus activating the
G-protein G13 which ultimately triggers RhoGEF LARG and RhoA. Knock down or
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pharmacological blockade of S1IPR2 suppresses the effect of Nogo A on neurite outgrowth
and hippocampal long-term potentiation (LTP) [37]. However, the potential role of SIPR2 as
a pharmacological target for SCI is yet to be clarified.

As previously mentioned, PirB (LILRB2 in humans) is another major MAI receptor that
binds to Nogo-66, MAG and OMgp [29]. PirB is expressed at low or undetectable levels in
many parts of the adult CNS although its expression may be more prominent during
development or after ischemia [38]. While it appears to have a major role in cortical
plasticity [39] at present there is no evidence of a significant contribution of PirB receptor to
axonal regeneration after SCI [40].

Suppression of the Nogo A/NgR1 receptor signaling

The Nogo A-NgR1 signal transduction system can be antagonized by different molecules
which proved to be effective enhancing neural repair, through both axonal regeneration and
sprouting after SCI. The Schwab group created an IgM monoclonal antibody, called IN-1,
recognizing Nogo A. In adult injured rats injection of antibody IN-1 directly in the spinal
cord promoted regeneration of axons in the corticospinal tract (CST), which ultimately led
to an improvement in the sensory-motor function [41,42,43,44]. Subsequently, two
additional 1gG antibodies (m7B12 and m11C7) were raised against the Nogo A specific
domain. When infused intrathecally, they penetrated into the adult CNS tissue within seven
days reaching a broad distribution [45]. Anti-Nogo A antibodies were retained in the CNS
tissue, they were internalized and co-localized intracellularly with lysosomal markers and
endogenous Nogo A. This observation suggested that m7B12 and m11C7 could mediate the
internalization and the overall downregulation of endogenous Nogo A levels [45]. When
infused into the subdural space of SCI rats, both antibodies elicited regeneration and
sprouting of CST fibers and enhanced functional recovery in a variety of motor tasks [46].
Similarly, anti-Nogo A antibodies proved to be effective in adult primates. Macaque
monkeys subjected to unilateral spinal cord transection including the CST were treated with
anti-Nogo A antibodies over a period of four weeks and showed recovery of hand function
in comparison with control antibody-treated monkeys [47,48].

Alternatively, multiple strategies have been applied to antagonize the receptor NgR1,
including a competitive antagonist for the Nogo-66 binding site (NEP 1-40) and a decoy
receptor, NgR(310)ecto-Fc, designed to deprive endogenous NgR1 from ligand activation
[7,49,50]. Both these molecules decrease myelin induced growth cone collapse, inhibition of
neurite outgrowth /n vitro and enhance CST regeneration and functional recovery in animal
models of SCI /in vivo [49,50,51]. Since NgR1 is also a functional receptor for MAG and
OMgp [52,53,54] NgR1(310)ecto-Fc provides the only therapeutic method to target
efficiently all three MAI ligands, thus resulting in an enhanced efficacy in comparison with
Nogo A antagonists. In fact, contrary to anti-Nogo A therapy, NgR1(310)ecto-Fc has been
shown to be effective also in acute and chronic SCI contusion models, which are generally
considered to be more relevant for clinical translation [31,55, 56].

An indirect way to antagonize the Nogo receptor complex would be to target other
components, namely p75 or LINGO-1. Immunohistochemical data showed that p75 is
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expressed in only a very small subset of ascending sensory axons in the dorsal column of
either normal or SCI animals [57]. Accordingly, genetic deletion of p75 or local
administration of a p75-Fc fusion protein did not improve regeneration of either descending
CST fibers or ascending sensory neurons after SCI [57]. In contrast, LINGO-1 Fc treatment
following rat SCI promoted a degree of axonal sprouting and increased oligodendrocytes
and neuronal survival [58]. Another site of intervention to target the Nogo-NgR1
transduction pathway is the downstream effector ROCK. The ROCK inhibitor Y-27632
reverses myelin inhibition of axon outgrowth in culture and promotes axon regeneration and
locomotor recovery in vivo [59,60]. A potential benefit of Y-27632 is that it also limits the
inhibitory potential of CSPGs, which are among the main components of the glial scar [61].
However, the ubiquitous expression of ROCK, in contrast to the neuronal selectivity of
NgR1, makes this target less specific for a designed therapeutic approach as its manipulation
might alter numerous other physiological events.

Interestingly, these acute interventions using peptides, antibodies or fusion proteins yield
more robust benefit in terms of regeneration than does mouse gene knockout for Nogo A,
NgR1 or even double knockout for Nogo A and MAG and triple knockout targeting all
MAIs. This observation suggests that in genetically depleted mice there might be the
compensatory up-regulation of other inhibitory factors such as ephrinA3, EphA4, Sema 4D
and 3F and plexin B2 [8].

MAG was the first myelin associated CNS growth inhibitory protein to be identified and its
activity was discovered by two independent laboratories more than 20 years ago [62,63].
MAG is a transmembrane glycoprotein and a member of the sialic acid binding
immunoglobulin superfamily. It is mostly expressed in the myelinating glia, Schwann cells
in the periphery and oligodendrocytes in the CNS [64]. In particular, MAG has been found
to be highly abundant in the periaxonal membrane of myelin sheath [65] suggesting its role
in regulating axon-myelin interaction and myelin development. Accordingly, MAG knockout
mice display numerous structural abnormalities, including aberrant myelin outfolds and
uncompacted myelin wraps [25]. /n vitro studies suggest that the inhibitory efficacy of MAG
is limited compared to other MAIs. In fact, total CNS myelin derived from MAG knockout
mice inhibits neurite outgrowth to a similar degree as total CNS myelin from wild type mice
[66]. In agreement with these observations, genetic depletion of MAG did not improve axon
regeneration in the CST of the lesioned spinal cord [67]. However, recent evidence
combining both genetic deletion and intrathecal delivery of sialidase to interfere with MAG
binding to its receptors GD1a and GT1b (brain gangliosides) enhanced serotonergic axon
sprouting [68], thus suggesting a possible divergent role of MAG in different axonal
systems.

OMgp is a LRR protein linked to the cell membrane by a GPI anchor. OMgp is expressed by
olygodendrocytes, neurons and astrocytes in the CNS [69]. Compared to MAG and Nogo A,
significantly less is known about the physiological role of OMgp. However, there may be
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some degree of overlap as OMgp, similar to Nogo A and MAG, associates with NgR1 and
PirB. OMgp is localized in the periaxonal processes of oligodendrocytes in the CNS with a
more prominent concentration near the nodes of Ranvier where it reportedly blocks axon
collateral sprouting from non-myelinated segments [70]. Consistent with this localization,
OMgp null mice display defects of the nodal and perinodal architecture and
hypomyelination of the spinal cord [71]. Although the subcellular localization of OMgp has
been debated, it is clear that OMgp inhibits neurite outgrowth 7 vitro [54]. On the other
hand, genetic deletion of OMgp does not promote CST axon regeneration, but only an
enhancement in the sprouting of serotonergic fibers [72,73]. As a possible explanation, it is
plausible that the presence of other more potent inhibitors mask the effect of OMgp deletion.
Accordingly, Cafferty and colleagues show that when MAG and OMgp are deleted, neurite
outgrowth is unaffected both in culture and /in vivo. On the other hand, when MAG and
OMgp are deleted in a Nogo A-null background there is a synergistic effect in decreasing
growth inhibition /n vitro and in promoting both CST regeneration and axonal sprouting
after SCI [7, 74]. This finding suggests that while Nogo A has a prominent role in axonal
growth inhibition, MAG and OMgp provide a secondary contribution. However, Lee and
colleagues observed a more circumscribed effect of MAIs limited to axonal sprouting and
not regeneration after injury with no evidence for greater axonal growth in triple knockout
animals as compared to Nogo null mice [73]. Differences in the specific alleles or the
genetic backgrounds or the lesion models might provide an explanation for the variable
results; future work will be required to resolve the additivity of MAI in axonal growth after
injury.

CSPGs are another prominent group of adult CNS axon growth inhibitors. They are
extracellular matrix proteoglycans that consist of a protein core with covalently attached
glycosaminoglycan (GAG) side chains [75]. CSPGs are secreted by astrocytes, neurons and
oligodendrocytes [76], and they are strongly enriched at the glial scar after CNS injury
where they inhibit regenerative growth and restrict plasticity [77]. The main method by
which CSPG inhibition has been overcome to promote axon regeneration is through the
application of the bacterial enzyme chondroitinase ABC (ChABC). ChABC catalyzes the
removal the glycosyl side chains of CSPGs thus reducing the inhibitory nature of
proteoglycans. Since the first observation by Bradbury and colleagues [77] who reported
functional improvements in rats with injury to the dorsal columns upon treatment with
ChABC, subsequent studies have confirmed the effect of this enzyme in more clinically
relevant models of SCI [78]. Moreover, ChABC has also been combined experimentally
with nerve or cellular transplantations and proved to potentiate the effect of the grafts in
terms of axonal growth and motor function [79,80,81]. Treatment with ChABC in
combination with a peripheral nerve graft has also proved to be effective to help the recovery
of bladder function, one of the highest priorities for many SCI patients [82].

Despite substantial evidence that ChABC is beneficial to repair, many obstacles remain for
clinical translation. First of all, concerns exist over the safety and immunogenicity of
delivering a bacterial protein to human beings. Even though preclinical investigations did not
report adverse effects, such as increase in pain sensitivity or changes in nerve conduction,
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long-term toxic effects need to be evaluated before ChABC can be used in human patients.
Another critical issue with the use of ChABC as therapeutic agent is the instability of the
enzyme. The biological activity of the enzyme decreases quickly when in solution and it is
sensitive to temperature [83]. For this reason ChABC is generally given in multiple doses,
through direct infusion into the brain ventricles or using soaked gelfoam onto the lesioned
area. Some of these obstacles can be circumvented by thermostabilization of the enzyme
[84] or with gene therapy to achieve long-term delivery. In one study, ChABC gene therapy
actually promoted tissue repair and improved hindlimb function and spinal conduction in
rats with spinal cord contusion [85]. However, because conventional pharmacological
strategies can have more imminent clinical translation compared to gene therapy, other
options have been explored. In this regard, the identification of receptors for CSPGs
(PTPsigma, NgR1 and NgR3) has been very useful [86,87]. In particular, Lang and
colleagues designed a PTPsigma-targeting peptide that showed to promote recovery of
hindlimb and bladder function in rats with contusion SCI [88]. An alternative intervention is
the inhibition of CSPGs synthesis using a DNA enzyme which proved to make the spinal
cord less inhibitory to axon regeneration [89].

The mechanism behind the beneficial effect produced by the inactivation of CSPGs is still
unclear. In fact, to date there is little anatomical evidence to suggest that the administration
of ChABC has allowed for axonal regrowth over long distances. While substantial axonal
growth can be observed into and even through SCI lesion, there is scant evidence that axons
regrow to their original targets. Therefore, it is possible that measured improvements in
motor function result from multiple events other than regeneration, such as formation of
alternate neuronal circuits, improved survival of motor neurons, sprouting of spared axons as
well as remyelination. Even though several mechanisms have been postulated, further
analyses would be necessary to understand the exact molecular events taking place upon
ChABC treatment.

Indirect effects of blocking the inhibitory environment

As noted above, while these inhibitors were originally described in the context of
regeneration and direct endogenous reconnection, their blockade yields equal or greater
benefit by promoting recovery of function after SCI through indirect endogenous
reconnection. This fits with the emerging evidence from studies of greater experience-
dependent plasticity when the myelin inhibitor or CSPG pathways are disrupted
[7,90,91,92]. Consistent with a key role for these molecules in limiting sprouting and
plasticity in uninjured CNS, the efficacy of extinction training in Post-Traumatic Stress
Disorder models of conditioned fear is enhanced in their absence [93,94]. Moreover, recent
work by Siegel and colleagues showed the impact of NgR1 ablation in the compensatory
sprouting and consequent functional recovery in animals with a lesioned CST [95]. The
discussion above highlights the role of endogenous molecular pathways titrating
regeneration per se to also regulate indirect reconnection. While there is a cellular distinction
between these mechanisms, molecular pathways appear to be shared. These observations
lead to a focus on indirect reconnection as a means for recovery from SCI, and thence to the
introduction of new cells by transplantation.
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Indirect exogenous reconnection: neuronal grafts in the injured spinal cord

Cell therapy represents a promising strategy for SCI because it provides a combination of
factors cooperating for axonal regrowth. In fact, grafted cells not only replace lost neurons
and glia but also secrete growth factors, attenuate the glial scar and restrain the production of
inhibitory proteoglycans [96,97]. Since the first attempts of transplantation reported in
middle 80’s [98,99] many cellular grafting strategies have been studied in animal models of
SCI. In this regard several types of cells have been used including Schwann cells [100,101],
olfactory ensheating cells [102,103], bone marrow mesenchymal stromal cells [104],
neuronal restricted progenitors [105,106,107] glial restricted progenitors [96] and NSCs
[108]. In the present review we will specifically re-examine the application of NSCs in SCI
focusing on the mechanisms underlying their beneficial effects upon transplantation in the
lesioned tissue.

Neural stem cells in SCI: the establishment of a new neuronal circuit

Pioneering studies to analyze the outcome of transplantations for SCI were performed using
whole segments of rat fetal spinal cord [109]. With the following development of culturing
techniques it was later possible to identify the single cell populations composing the fetal
tissue. In this way neuronal and glial restricted progenitors (NRP/GRP) were isolated from
the rat fetal spinal cord and both proved to be effective in promoting regeneration and
restoring the connectivity of injured fibers [106,107].

Distinct from NRP and GRP which are committed to a specific lineage, NSCs are
multipotent populations with the ability to differentiate into neurons, oligodendrocytes and
astrocytes. They generate the neurons and glia of the developing brain and also account for
the limited regenerative capacity of the adult CNS [110,111]. Specifically, in the adult CNS
they are located in specialized niches in the subventricular zone [112,113,114], in the
dentate gyrus of the hippocampus [115] and in the periventricular zone of the spinal cord
[116]. The main feature of NSCs which makes them highly eligible for SCI cell therapy in
comparison with progenitors and other reported cells sources is their self-renewal capacity.
In fact, NSCs are highly expandable /in vitroand can be cultured as floating aggregates
(called neurospheres) or as monolayers on adherent substrates. NSCs can be kept in
proliferation through the exposure to mitogens such as fibroblast growth factor-2 (FGF-2)
and epidermal growth factor (EGF) [110]. Neurosphere culture has been traditionally
considered a classical method for NSCs expansion since it was firstly introduced in early
90’s [114]. However, recent evidences have shown that the preparation of floating
aggregates is often accompanied by a loss of self-renewal and neurogenic capacity over time
[117,118]. On the other hand, monolayer cultures can be expanded for long periods of time
without any alteration of the original differentiation potential which is a highly desirable
feature for transplantation studies [119,120,121,122]. Additionally, the preparation of NSCs
as monolayers makes them suitable as platform for drug screening or for /n vitro disease
modeling [123].

It is generally accepted that NSCs can produce a functional benefit for SCI through the
establishment of a new neuronal circuit. The rationale behind the formation of a new circuit
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at the lesion core is the achievement of a complete differentiation of NSCs into mature
neurons and glial cells. Differentiated cells in the host spinal cord can establish a new relay
through the formation of an intermediate station between the supraspinal axons and the
denervated target below the lesion (Fig. 1B). Other transplantations including non-neuronal
cell sources (olfactory ensheathing cells, Schwann cells, mesenchymal stromal cells) or
peripheral nerves have been successfully performed into injured spinal cords allowing some
regeneration of severed fibers [124,125]. However, non-neuronal cells can only provide a
structural and trophic support to the injury site and damaged axons are still required to
regenerate for long tracts. On the other hand, NSC-derived neurons can elongate axons and
establish functional synapses with the intact rostral and caudal segments of the injured spinal
cord, thus overcoming the inhibitory environment at the lesion epicenter [9,108]. For this
purpose, the use of developmentally young cells which are intrinsically endowed with the
capacity for long distance axon elongation has proven to be successful.

Transplant-derived axons must overcome the same inhibitory molecules that prevent
endogenous axons growth, but it appears that graft-derived neurons have the intrinsic state to
overcome those barriers [126]. A study conducted with brain derived NSCs grafted into the
rat cervical CST revealed that the cells are able to extend long, straight and uniform axons
into the host spinal cord white matter for distances as long as 8 mm [127]. Therefore, adult
myelin is not necessarily an obstacle for the elongation of young developing axons. Recent
evidence has demonstrated that axons express at least two receptors that respond to CSPGs
[128,129] and that the distribution of CSPGs plays a role in the entrapment of growing
axons in the glial scar [130]. However, /n vitro experiments proved that neuronal precursors
express low levels of CSPGs receptors, thus providing one possible mechanism to the
extensive axonal elongation from NSCs observed /in vivo [97]. To further support this
hypothesis we recently found that the axonal elongation from the graft is not dependent on
the degree of scarring at the lesion. Hemisection or transection models commonly used for
transplantation studies are often minimally invasive, with little disruption of the blood brain
barrier and a modest glial scar. However, NSCs can extend fibers for long tracts even in a
contusion animal model where the glial scar usually covers a wider area (Dell’Anno et al.,
unpublished observations).

In vivo differentiation of NSCs has been observed after grafting in SCI models. NSCs
derived from rodent embryonic brain and spinal cord give rise to neurons and glia in the host
tissue resulting in enhanced motor recovery [108,131,132]. In particular, the possibility to
obtain multiple neuronal phenotypes /7 vivo may be relevant for the formation of a new
functional circuit through the graft. In fact, the restoration of the motor function does not
only depend on the establishment of new synapses but also on their type and specificity. For
instance, if the graft-derived neurons provide an inhibitory connection where the original
circuit had an excitatory phenotype the relay will likely fail to restore the function. To this
purpose, sources of transplants can be selected for their ability to generate particular
neuronal subtypes /in vivo [133,134] or different protocols may be used to promote specific
neuronal populations [135]. At present, it is not possible to reconstruct the circuit with the
same degree of cellular specificity it had before the lesion occurred. In fact, even if grafted
cells can actually reconnect supraspinal axons with their original target, they can also
establish some new connections, which were not present in the initial circuit [107]. In this
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regard, activity-dependent plasticity or training might play a role in the formation of the
correct synapses. The achievement of a complete neuronal maturation is not only pivotal for
the reconstruction of an interrupted circuit, but also for the safety of the transplant for future
clinical applications. Yan and colleagues found that the expression of neuronal progenitors
markers such as nestin and doublecortin in the graft declines over time [136]. Similarly,
Tuszynski’s group showed that doublecortin and Ki67 (marker for proliferation) were rarely
detected in the graft three months after implantation, suggesting that NSCs progressively
exit the cell cycle in order to achieve a full maturation into neuronal and glial cells [137].

The differentiation of NSCs into astrocytes /17 vivo has also been observed [106], however
their role in SCI is still a matter of debate. In fact, astrocytic differentiation has been
associated with the development of allodynia and thermal hyperalgesia, two highly
undesirable effects [138,139,140]. Additionally, astrocytes may contribute to the glial scar,
which has been traditionally considered one of the main hindrances to axonal regeneration
[141]. However, the inhibiting nature of the reactive astrocytes in the scar has been recently
cast into doubt [144] and future studies will be required to understand their actual contribute
to the graft integration. Other studies strengthened the idea that astrocytes grafted in the
lesion core may produce different outcomes depending on the exposure to some specific
growth factors. When supported by high levels of nerve growth factor (NGF), reactive
astrocytes could provide a growth substrate for the elongation of adult axons [142].
Similarly, glial progenitors treated with either bone morphogenetic factor-4 (BMP-4) or
ciliary neurotrophic factor (CNTF) produce opposite behavioral outcomes upon grafting in
the lesioned spinal cord [140]. On this basis it is very likely that some refinements in the
preparation of NSCs before the graft need to be considered in order to maximize the
beneficial effects of the astrocytes and reduce the risk of adverse effects.

Alternative mechanisms behind NSCs application in SCI

The second mechanism through which NSCs could restore the connectivity after SCI is by
improving the intrinsic regeneration capacity of severed axons. In this regard a very recent
work by Kadoya and colleagues showed that the regional identity of the NSCs graft can
produce a dramatic difference in terms of regeneration. In particular the authors have placed
in the transected spinal cord grafts derived from the hindbrain, the telencephalon and the
spinal cord of E14 rats. They found that CST fibers of the host regenerate for longer
distances through the graft when it has been derived from the spinal cord rather than from
more rostral anatomical areas. Spinal cord-derived grafts also allow CST fibers to cross the
caudal interface between the graft and the host, thus supporting the idea that the
implantation of homologous neural tissue should be elective to enhance the regrowth of
severed axons [143]. The mechanisms involved in this tissue-specific interactions still needs
to be fully understood, however it is plausible that some extracellular matrix molecules or
cell-adhesion molecules may be responsible for this enhanced regeneration through the graft.

The lack of supporting or stimulating agents at the lesion core has always been considered
one of the elements responsible of the poor regeneration of damaged fibers. Using RNA-
sequencing technique Anderson and colleagues recently confirmed that cells at the lesion
epicenter actually express very low levels of neurotrophins and that the application of
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neurotrophic factor-3 (NT3) and brain derived neurotrophic factor (BDNF) contributes to the
regeneration of the ascending sensory tract in a damaged spinal cord [144]. NSCs do not
only secrete neurotrophic factors by themselves [145,146,147], but also respond to the
application of exogenous factors. Growth factors can be embedded in a fibrin matrix
containing NSCs to help the cells filling the lesion cavity and maximizing the axonal
elongation from the graft [108]. Alternatively, lentiviral vectors coding for BDNF or NT-3
can provide chemotropic guidance to reach a chosen target [106,148].

Finally, it has also been proved that NSCs can contribute to neuronal repair through the
remyelination of severed fibers. To this purpose a recent experiment has been conducted
using NSCs derived from a myelin-deficient (shiverer) mouse for transplantation in a SCI
model. NSCs from shiverer or wild type animals share the same properties with the
exception of the myelination potential. After grafting, NSCs-derived oligodendrocytes from
shiverer mice formed much thinner myelin sheets in comparison to wild type NSCs-derived
oligodendrocytes. Moreover, the functional benefit in hosts receiving shiverer mouse-derived
NSCs was significantly restrained compared animals receiving wild type NSCs [149].

Concluding remarks

As previously discussed, both direct and indirect approaches for spinal cord repair relay on
axonal elongation. Direct approaches aim to enhance axonal regeneration from severed
fibers by counteracting myelin and matrix associated inhibitory molecules. Conversely,
indirect approaches can either utilize the same inhibitor blockade, or be based on the
incorporation of new pathways from grafted cells to reconnect supraspinal axons with
downstream denervated targets. However, axonal elongation is only the first of several steps
required to achieve behavioral recovery and in both cases the establishment of the correct
synaptic contacts is crucial to restore the lost connectivity. Preliminary studies using dorsal
root ganglion or dopaminergic neurons provided the proof of evidence that neurotrophic
factors and repulsive cues can be combined to enhance axonal navigation toward designated
targets [150,151]. Similar analyses on SCI models will be required to optimize the
combination of attractive and repulsive cues with existing approaches and maximize the
specificity of the newly formed synapses. Moreover, in SCI there are many adverse factors
limiting the recovery of the neurological deficit and it is likely that a combination of
therapeutic strategies might be more effective than a single approach. In fact, cell
transplantation and neutralization of inhibitory molecules are not mutually exclusive. The
integration of new cells in the spinal cord circuit still requires the regeneration of severed
fibers as well as the sprouting of unlesioned ones within the graft area. Therefore, the above
mentioned strategies to counteract the CNS growth inhibitors could be used to make the host
axons more prone to establish functional connections with the transplanted cells. In this
regard, the simultaneous application of NgR1 antagonists and NSCs transplantation has been
recently explored [152,153]. However, data collected so far provided conflicting results in
terms of regeneration and motor improvement. Given the high variability of experimental
conditions, especially concerning the derivation of NSCs and the animal lesion models,
further investigations will be needed in order to understand how to combine the
neutralization of inhibitory molecules with NSCs transplantation and achieve more
consistent results for the repair of the injured spinal cord. Finally, further experiments with
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well-defined populations of human NSCs derived from embryonic stem cells and/or induced
pluripotent stem cells will improve the transition to the clinic.
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Figure 1. Schematic representation of direct and indirect interventions on the injured spinal cord
(A) The neutralization of myelin and matrix associated inhibitors supports both regeneration

(in green) and sprouting (in orange) of axonal fibers. Regenerating fibers make connections
with the original target neurons (direct endogenous reconnection), whereas sprouting
collaterals form new synaptic contacts (indirect endogenous reconnection). (B) Grafted
neural stem cells, on the other hand, offer an alternative strategy (indirect exogenous
reconnection) through cellualr differentiation at the injury site into neurons, astrocytes and
oligodendrocytes. In particular, newly differentiated neurons are intrinsically primed for
long-distance axonal growth which helps the indirect transmission of motor and sensory
information. Descending supraspinal axons regenerate into and make synaptic connections
with grafted neurons in the lesion site. Grafted neurons extend their axons into the caudal
spinal cord and form new synaptic connections with host neurons. Similarly, grafted neurons
can make a functional circuit for the ascending sensory system. Transplanted neural stem
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cells also help regeneration of severed axonal fibers by releasing neurotrophins in the
damaged area.
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