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Locomotor recovery after spinal 
cord injury: intimate dependence 
between axonal regeneration and 
re-connection

Traumatic spinal cord injuries (SCI) are 
characterized by damage in the integrity 
of the spinal cord, which results in either 
temporary or permanent alterations in 
the locomotor, sensory and/or autonomic 
functions (Yezierski, 2009). The traumatic 
event leads to impairments in voluntary 
control of movement below the injury 
by affecting the connection between 
the brain and the neurons localized in 
the spinal cord. Therefore, the recovery 
of locomotor activity is considered one 
of the main goals in the search of new 
therapies by the scientists around the 
world. For many years, axon regeneration 
has been considered the Holy Grail in SCI 
research, however, now we know that 
the regeneration of sectioned axons is 
necessary but not enough to promote 
locomotor recovery (Raineteau and 
Schwab, 2001). The disruption of long 
motor and sensory axonal tracts as a 
consequence of the lesion prevents 
their specific interactions with their 
cellular targets. For this reason the goal 
of ongoing investigations is to promote 
the re-growth of axonal tracts across 
the lesion site and their re-connection 
with propiospinal neurons at different 
segments of the spinal cord (Figure 1A). In 
particular, regeneration and re-connection 
of corticospinal tract (CST) axons is of vital 
significance to regain voluntary locomotor 
activity after a complete spinal cord injury 
(Oudega and Perez, 2012). This is because 
the axons that integrate the CST transmit 
voluntary motor information to the 
forelimbs and hindlimbs, and the damage 
of this structure in humans affects directly 
the locomotion (Nathan, 1994).

At the cellular level, an intrinsic neuronal 
mechanism has been described, where 
cortical neurons activate a regenerative 
program in response to injury.  This 
cellular mechanism reflects an attempt to 
restore the loss of function; however this 
self-recovery mechanism is completely 
inefficient. Taking into account this 
premise, researchers around the world are 
working on the development of biological 
therapies to heal the lesioned spinal cord. 

For example, several approaches target 
the cytoskeleton of damaged axons, 
enhancing the re-polimerization of actin, 
tubulin and neurofilaments and preventing 
the production of oxidative species that 
contribute to the degenerative process 
(Ruschel et al., 2015; Quinta et al., 2016). 
Other approaches act on the metabolism 
and energy balance of neurons, restoring 
cellular energy, in particular enhancing the 
mitocondrial transport to promote axonal 
regeneration and synaptic re-connection 
(Han et al., 2020). However, axonal re-
growth after SCI does not ensure a proper 
guidance and navigation of regenerated 
axons across the lesion site, and synaptic 
re-connection with their specific neuronal 
effectors. 

To address this limitation, in a recent 
study I examined the effect of Netrin-1 
treatment on axonal regeneration across 
the lesion, and synaptic re-connection to 
re-establish locomotion after SCI (Quinta, 
2021). 

N et r i n - 1  i s  a  d eve l o p m e nta l  axo n 
guidance cue involved in CST growth, CST 
3-dimensional navigation, and neuronal 
connection. In particular, this molecule 
regulates the degree of decussation of the 
CST at the medulla oblongata (Meneret 
et al., 2017). The mechanism involves 
two major Netrin-1 receptors, known as 
UNC5h and DCC (Deleted in Colorectal 
Cancer), which could act as trigger of 
repulsive or attractive signaling during 
development (Keino-Masu et al., 1996).

The therapeutic effect of Netrin-1 was 
addressed using a rat model of complete 
spinal cord transection (T10–11). This 
model is suitable to investigate axonal 
regeneration after SCI, since the precision 
of the lesion causes minimal tissue loss 
but severs all axons, disconnecting spinal 
circuits below the injury site from all 
supra-spinal input, as well as all ascending 
axons. 

T h i s  s t u d y  s h o w e d  t h a t  N e t r i n - 1 
administered at the time of injury in 
the epicenter of the lesion, promotes a 
significant regeneration of axonal tracts 

Perspective

Hector Ramiro Quintá*

localized at the white matter segment 
across the transected area [Figure 4 
from Quinta (2021)]. In particular re-
grown CST axons were identified by 
three-dimnesional imaging on cleared 
whole spinal cord. It was also shown that 
regenerated axons that crossed the lesion 
presented trans-synaptic interactions 
with their targets below the injury. 
This interaction between regenerated 
axons and their neuronal targets in the 
spinal cord prevented the trans-synaptic 
degeneration of spinal neurons. This effect 
was reflected in the preservation of axonal 
structures in peripheral nerves, like the 
sciatic nerve. Finally, rats treated with 
Netrin-1 after complete SCI recovered 
their locomotion, in contrast to what was 
observed in vehicle-treated injured rats 
[Figure 1 from Quinta (2021)]. 

The locomotor recovery observed is 
dependent  on the regenerat ion of 
ascendant/descendent axons across the 
lesion and their re-connection with specific 
neuronal targets, rather than due to a 
compensatory response below the lesion 
site triggered by spinal circuit plasticity. 
To confirm this, rats treated with Netrin-1 
after SCI were re-transected in the same 
anatomical location. As a consequence, 
rats showed a complete paralysis of the 
hindlims. This result confirmed that the 
recovery of locomotion was the result of 
the regeneration of axonal tracts across 
the lesion and their re-connection with 
spinal neurons.

The complete molecular mechanism 
by which acute Netrin-1 administration 
promotes locomotor recovery is far from 
being elucidated yet. We know that after 
SCI, Netrin-1 is expressed by neurons and 
oligodendrocytes that are surrounding 
the lesion. However, in the epicenter of 
the lesion, a sharp decrease in the level 
of Netrin-1 is observed in both neurons 
and oligodendrocytes. These low levels 
of Netrin-1 persist at least 7 months after 
SCI (Manitt et al., 2006). In line with this, 
a recent research shows that cortical 
neurons attempt to activate a regenerative 
t ra n s c r i p to m i c  p ro g ra m  a f te r  S C I 
(Poplawski et al., 2020). This regenerative 
state is defined by the up-regulation of 
several genes involved in cellular growth, 
and the down-regulation of growth-
inhibitory pathways. Interesting in the 
context of this perspective, both NTN1 
gene and its receptor UNC5b are up-
regulated after injury. Therefore, the effect 
of exogenous Netrin-1 administration 
could mimic this transcriptional program, 
promoting an embryonic regenerative 
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state. Moreover, exogenous Netrin-1 
addition also could prevent the sharp 
drop in Netrin-1 levels at the epicenter 
of the lesion. Together, these two effects 
could overcome the low efficiency of 
spontaneous re-growth, improving the 
regeneration process. 

Evidence shows that the molecular 
pathway of axonal regeneration could 
involve extracellular calcium influx in 
response to Netrin-1/Netrin-1 receptors 
interaction, since this molecular mediator 
participates in the actin and tubulin 
cytoskeleton assembly in the growth cone 
(Figure 1B). Therefore the future work will 
be oriented to identify the mechanism by 
which this mediator interacts with voltage-
gated calcium and/or TRP channels in 
response to Netrin-1 treatment.

Finally, the biological approaches where 
the restorative mechanisms involve the re-
growth of axons after a mechanical lesion 
could be useful in other neuropathologies 
where axonal trauma takes place as 
well. For example traumatic brain injury 
or peripheral nerve injuries, could be 
excellent models to explore new potential 
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applications in the future since both 
require the regeneration of the axonal 
shaft. 
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Figure 1 ｜ Corticospinal tract regeneration after SCI.
(A) Schematic representation of a transected spinal cord. Left panel shows de-connection of descendent 
and ascendant axonal tracts. CST axons show die back (blue dotted line) and ascendant axons shows 
degeneration (red dotted line). Right image shows CST regeneration across lesion site (wavy blue 
line) and re-connection. Scheme also shows regeneration of sensory axons with re-connection with 
propisopinal neurons. (B) Summary of possible molecular interactions between Netrin-1 and its 
transmembrane receptors. CST: Corticospinal tract; SCI: spinal cord injury.
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