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The central nervous system (CNS) of adult mammals has 
only limited capacities for axonal regrowth and regeneration 
upon injury. Long-distance regeneration of axotomized fi-
bers is virtually absent and interventions aiming to enhance 
neural repair of large lesions were considered unachievable 
for many decades. Fortunately, this view has meanwhile 
changed by innovative research using cutting-edge technolo-
gies that have shed light on the basic mechanisms constrain-
ing CSN plasticity, in particular the inhibitory factors asso-
ciated with CNS myelin, glial scars and perineuronal nets, 
and the low intrinsic capacity of adult neurons to reactivate 
efficient neurite growth programs. Besides the development 
of novel treatment strategies, recent research also disclosed 
the surprisingly high capacity of the CNS for short-distance 
rearrangements of fiber connections and synaptic rewiring 
to successfully repair or compensate for smaller lesions. 
Neural plasticity including molecular and structural chang-
es at the synapse, sprouting of axons and dendrites up to 
representational map shifts can spontaneously occur after 
CNS injury. These plastic processes are a basic substrate 

mediating spontaneous or training-enhanced functional re-
covery after different kinds of CNS damage (Raineteau and 
Schwab, 2001; Isa and Nishimura, 2014; Ramer et al., 2014). 
The present perspective addresses the biological mechanisms 
driving spontaneous functional recovery following spinal 
cord injury, with the primary focus on neural plasticity of 
intrinsic spinal neurons and circuits.

Following a complete spinal cord transection, any behav-
ioral adaptation must derive from remodeling of intraspinal 
circuits, possibly influenced by sensory afferents (see Figure 
1). Classical experiments in cats revealed a remarkable plas-
ticity of the lumbar spinal cord: Spinalized adult cats could 
recover weight-bearing hindlimb stepping closely resembling 
the normal feline walking pattern, but only after daily tread-
mill training for a few weeks. This data showed the impor-
tance of rehabilitative training to reactivate and reorganize 
the intraspinal locomotor circuits by sensory stimulation 
(Barbeau and Rossignol, 1987) and was in line with the con-
cept of central pattern generators (CPGs) as intrinsic spinal 
networks able to generate stepping movements in the total 
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absence of supraspinal inputs (Grillner and Wallen, 1985). 
The molecular and cellular mechanisms underlying the con-
siderable functional recovery of spinal cats are not fully un-
derstood yet: Up-regulations of adrenergic and serotonergic 
receptors on motoneurons (and presumably interneurons) 
were shown to play essential roles for functional recovery af-
ter severe forms of spinal cord injury by re-establishing spi-
nal excitability in the denervated cord (Giroux et al., 1999; 
Murray et al., 2010). Pharmacological stimulation of these 
receptors by monoaminergic neuromodulators, reversible 
inhibition of the GABAergic or glycinergic system, or elec-
trical stimulations of the spinal cord in rodents, cats, mon-
keys and humans with complete or large subtotal lesions can 
induce a physiological state where isolated spinal networks 
are reactivated, integrate sensory information and produce 
well-coordinated motor outputs (Edgerton et al., 2001; Gera-
simenko et al., 2008; Angeli et al., 2014). Fiber sprouting and 
network rearrangements of spinal interneurons or sensory 
fibers were observed caudal to total spinal cord transections 
(Krenz and Weaver, 1998; Kapitza et al., 2012; Beauparlant 
et al., 2013), but their specific roles in the development of 
neuronal dysfunctions (e.g., spasticity, autonomous dysre-
flexia) or functional restoration (e.g., by increased spinal ex-
citability facilitating activity in sublesional neural networks) 
after complete spinal injury remain to be fully determined. 
Despite these remarkable structural and functional reor-
ganizations of sublesional spinal circuits across species, 
spontaneous or training-induced recovery of walking in the 
absence of simultaneous extrinsic stimulation of the lumbar 
cord (e.g., by monoaminergic agonists or electric epidural 
stimulation or both) is absent in spinalized adult mammals 
with the exception of cats (Ichiyama et al., 2008; Kubasak 
et al., 2008; Courtine et al., 2009). Obviously, lumbar spinal 
networks require a minimal degree of unpatterned supraspi-
nal drive enhancing spinal excitability in combination with 
highly specific descending connections controlling complex 
sensorimotor functions to perform locomotor function.

The majority of preclinical studies investigating neural 
plasticity use animals with anatomically incomplete spinal 
cord injury, which is the type of spinal injury most fre-
quently observed in humans (McKinley et al., 2007). Sponta-
neous long-distance regeneration of CNS fibers is absent in 
higher adult vertebrates, and can only partially by induced 
by growth-enhancing treatments (e.g., growth factors, stim-
ulation of intrinsic neuronal growth pathways, anti-Nogo-A 
antibodies, Chondroitinase ABC, etc.). Contrary to long-dis-
tance fiber regeneration, compensatory plasticity occurs in 
multiple descending motor systems (see Figure 1), probably 
acting as a driving mechanism by which spontaneous func-
tional recovery is achieved (Filli and Schwab, 2012). In this 
process, spared neuronal fibers sprout and innervate dener-
vated spinal targets, thereby compensating for either lost 
functions of the same tract system (Ballermann and Fouad, 
2006; Rosenzweig et al., 2010; Takeoka et al., 2014; Zörner et 
al., 2014), or of another injured fiber system (Raineteau et 
al., 2001; Kanagal and Muir, 2009). A difficulty when study-
ing incomplete spinal cord injury is the complexity of spared 

supra- and propriospinal projections, all being potential 
players mediating functional recovery by compensatory 
mechanisms. Re-lesions of the investigated tract system or 
novel technologies enabling selective and inducible silencing 
or excitation of neuronal pathways by genetic targeting or 
viral tracing will help to investigate the specific roles of the 
plastic rearrangements of a specific neural system (Esposito 
et al., 2014; Wahl et al., 2014). 

After cervical unilateral hemisection of the spinal cord in 
rodents and primates, the spared corticospinal tract system 
shows substantial spontaneous compensatory sprouting over 
the spinal midline, targeting the denervated hemicord. This 
compensatory fiber growth induced significant restoration 
of skilled fine motor movements and locomotion (Rosenz-
weig et al., 2010). Compensatory mechanisms inducing sub-
stantial functional recovery upon incomplete spinal lesions 
have recently been demonstrated for descending rubrospinal 
(Belhaj-Saïf and Cheney, 2000) and reticulospinal projec-
tions (Takeoka et al., 2014; Zörner et al., 2014). The extensive 
compensatory plasticity of the reticulospinal tract system 
is particularly interesting, given the high relevance of this 
neural system to induce and control basic functions includ-
ing locomotion and respiration. In parallel to supraspinal 
reorganizations, adaptive remodeling of intrinsic spinal net-
works is required for proper integration and processing of 
sensory and supraspinal afferents after incomplete spinal in-
jury. This was shown in a dual lesion paradigm in adult cats, 
where an initial unilateral hemisection at spinal level T11 was 
followed by a complete spinal transection (level T13) a few 
weeks later. These cats could walk on a treadmill as early as 
some hours after the second, complete lesion (Barrière et al., 
2008), which is significantly earlier than after a direct spinal 
transection at T11, where walking capacity only returns after 
a few weeks of intense treadmill training. This instantaneous 
stepping capacity after spinalization in the dual lesion par-
adigm points towards the important role of intrinsic spinal 
plasticity not only after complete spinal cord injury, but also 
after incomplete injury (Cohen-Adad et al., 2014).

Despite the requirement of supraspinal drive to exert spe-
cific motor functions in higher vertebrates (except for cats), 
restoration of walking function can occur in the total ab-
sence of direct supraspinal projections in rodents. Contrary 
to a complete thoracic transection of the cord, spatially and 
temporally separated subtotal lesions, and in particular the 
so-called “staggered hemilesions” which leave a tissue bridge 
across the contralateral thoracic lesion sites, are followed by 
considerable recovery of stereotyped walking in adult ro-
dents. This motor restoration is achieved through the spon-
taneous formation of propriospinal detours that reroute 
interrupted supraspinal commands around the spinal lesions 
(Courtine et al., 2008). In this process, severed descending 
fiber tracts sprout and rewire onto propriospinal neurons lo-
cated above the lower lesion in the tissue bridge and project-
ing their axons into the lower, denervated spinal cord. Phar-
macological ablation of these relaying propriospinal neurons 
located between the hemilesions abolished the locomotor 
recovery, confirming the physiological relevance of the 
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propriospinal bypass. Formation of lesion-induced detour 
pathways via propriospinal networks was initially shown for 
the corticospinal tract: thoracically axotomized corticospinal 
fibers sprouted in the cervical spinal cord, where they inner-
vated propriospinal neurons. Initial contact was followed by 
refinement mechanisms (pruning) leading to the selective 
formation of synapses onto long-distance propriospinal 
neurons that bridged the lesion site. This propriospinal 
detour pathway led to significant motor restoration of hind-
limb function, including the cortically dependent placing 
response (Bareyre et al., 2004). Use-dependent mechanisms 
leading to physiologically meaningful propriospinal relay 
connections were shown by van den Brand et al. (2012), 
where a challenging training paradigm led to a significant 
increase in cortico-propriospinal detours when compared to 
automated treadmill training in rats with staggered thoracic 
hemisections. Recently, it was demonstrated that intraspinal 
bridging of supraspinal input after partial spinal injury is not 
restricted to the corticospinal system: severed reticulospinal 
fibers originating from the mid-medullary region of the 
brainstem were shown to form glutamatergic contacts onto 
double-midline crossing C3–4 propriospinal neurons which 
crossed the lesion site on spared tissue bridges and recrossed 
to the denervated cervical hemicord below the injury. Retic-
ulospinal fiber sprouting and innervation of propriospinal 
neurons, as well as propriospinal projections bypassing the 
cervical unilateral hemilesion were significantly enhanced 
6 weeks after injury. This spontaneous reorganization of 
reticulo- and propriospinal fibers upon spinal hemisection 
was associated with substantial motor recovery seen in 
these adult rats (Filli et al., 2014). Propriospinal rerouting 
of interrupted brainstem commands is important, as the 
mid-medullary brainstem, including the nucleus reticularis 
gigantocellularis, is a phylogenetically preserved key unit 
in fish to man, feeding the spinal cord with essential motor 
drive. Besides its known impact on initiating and controlling 
locmotion and posture, the reticular gigantocellular nucleus 
is also involved in refined forelimb movements in monkeys 
and humans. The fundamental principle of propriospinal 
detours seems to apply also for primates including humans: 
After incomplete cervical spinal cord injury in primates, axo-
tomized corticospinal fibers synapse onto C3–4 propriospinal 
neurons which innervate cervical motoneurons, resulting 
in significant recovery of reaching and digit movements 
(Alstermark et al., 2011). In patients with smaller cortical 
strokes, supraspinal transmission through the propriospi-
nal relay is reinforced on the hemiplegic side, indicating a 
potential contribution of propriospinal bypasses to motor 
recovery also in humans (Pierrot-Deseilligny, 2002).

The molecular mechanisms which induce and direct the 
growth of new connections in the spinal cord below and 
above an injury are largely unknown. Interestingly, several 
observations point to a higher capacity of intraspinal neurons 
to sprout and reorganize upon spinal cord injury compared 
to supraspinal tract systems. Besides de novo formation and 
restructuration of entire intraspinal circuits after CNS injury, 
some commissural interneurons in the adult cat are even ca-

pable of fiber regeneration through a spinal midsagittal lesion 
forming new synaptic connections onto contralateral target 
cells (Fenrich and Rose, 2011). The reasons for the intriguing 
plastic capacity of propriospinal neurons are not fully under-
stood. One potential key factor is the low distance of the cell 
body to the lesion site: Transcription of growth-associated 
proteins and of receptors for neurotrophic factors are depen-
dent on the nucleus, and therefore from the distance of the 
soma to the lesion (Fernandes et al., 1999). Moreover, genetic 
profiles of propriospinal neurons after thoracic spinal lesions 
revealed significant up-regulations of growth-associated 
proteins (e.g., GAP-43), of receptors for neurotrophic factors 
(GDNF, LIF, CNTF), and of anti-inflammatory and neuro-
protective proteins, which might account for the remarkable 
intrinsic capacity of propriospinal neurons for neural plas-
ticity (Siebert et al., 2010). Furthermore, the unique position 
of the spinal cord receiving direct sensory afferents and su-
praspinal motor commands might facilitate lesion-induced 
plastic rearrangements within spinal networks. The vast 
majority of supraspinal commands does not directly signal 
to motoneurons, but to a complex network of interneurons. 
On this level, regrowth and rewiring of descending fibers is 
thought to be directed by activity-dependent mechanisms 
shaping functional reorganization of spinal circuits by sen-
sory feedback (Craig and Boudin, 2001; Takeoka et al., 2014). 
The activity-dependent reorganization of fiber systems is 
based on simultaneous pre- and post-synaptic activity, a fun-
damental principle found in the CNS. By this mechanism, 
sprouting descending axons, propriospinal detour fibers and 
segmental interneurons can be integrated into spinal net-
works that exhibit identical temporal activity patterns and 
therefore are likely to be involved in the same functional tasks 
(Pettersson et al., 2007; Isa and Nishimura, 2014).

For a long time, spinal circuits were considered as hard-
wired and virtually unable to remodel after lesion. Research 
over the last two decades has changed this view by uncover-
ing a high degree of molecular and cellular reorganizations 
occurring in the spinal cord below and above a lesion. These 
results indicate that combined plasticity of propriospinal, 
segmental and descending systems is a key mechanism for 
the often remarkable functional recovery seen after incom-
plete spinal lesions. However, we need more insights into the 
basic functional organization of spinal circuitries in order to 
understand the mechanisms of spinal plastic rearrangements 
after injury and their regulation by e.g., rehabilitative train-
ing. Cutting-edge technologies including genetic targeting 
or virus-based approaches permit a selective, inducible and 
reversible excitation or silencing of specific neuron types 
and circuits, thereby helping to dissect the functional anato-
my of spinal circuits. Together with state-of-the-art imaging 
techniques visualizing the activity patterns of spinal circuits 
during specific tasks, these techniques are revolutionizing 
our basic knowledge on the physiology and plasticity of spi-
nal networks in the coming years. The phylogenetically old 
brainstem-spinal systems and the plasticity of propriospinal 
and local spinal interneuron systems will have to receive par-
ticular attention. Future spinal cord injury research will have 
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to target plasticity of propriospinal networks in addition to 
supraspinal tract systems to develop novel therapeutic ap-
proaches aiming to optimize spinal cord repair.
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