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@ PERSPECTIVE

Who is who after spinal cord injury
and repair? Can the brain stem
descending motor pathways take
control of skilled hand motor
function?

Over the last years, anatomical, electrophysiological and genetic
studies have carefully dissected the pathways connecting the brain
and the spinal cord. Lawrence and Kuypers (1968) described the
organization of the descending motor pathways in the non-human
primate spinal cord. Although there are some differences between
species regarding the precise anatomical location of each spinal
pathway and the selective connectivity onto spinal interneurons
and motoneurons, the pattern of organization described is con-
served among the mammalian spinal cord (Courtine et al., 2007).
Based on their description, the major descending motor pathways
are grouped depending on their anatomical origin and their termi-
nal distribution pattern in the spinal grey matter. The motor cortex
projects corticospinal axons to the spinal cord, which mostly run in
the contralateral cord and innervate the mid and dorsal grey matter
neurons. On the other hand, the spinal pathways originating in the
brain stem are subdivided in the lateral and ventromedial systems.
The ventromedial system fibers originate in the reticular formation
and the vestibular complex, and terminate in the ventral and medial
parts of the ventral horn grey matter. In contrast, the lateral system
fibers originate in the red nucleus and preferentially terminate in the
dorsal and lateral parts of the dorsal and medial grey matter (Figure
1). Together with the corticospinal fibers, the lateral brain-stem sys-
tem contacts interneurons related to motorneurons of distal mus-
cles, whereas on the other hand, the ventromedial system pathways
contact interneurons related to motoneurons of proximal muscles.
Functionally, the corticospinal and lateral brain stem pathways are
involved in the control of distal arm and hand muscles involved in
skilled forelimb movements. The ventral brainstem pathways are
mostly involved in the control of the proximal musculature of the
trunk and limbs involved in posture and locomotion. Behavioral and
electrophysiological studies mostly performed in cats and non-hu-
man primates corroborate these anatomical findings (Lemon, 2012).
Furthermore, rodents with injuries in discrete areas of the spinal
cord selectively impair specific motor functions, evidencing the
functional specificity of each spinal pathway and the spinal networks
that they innervate (Schucht et al., 2002; Anderson et al., 2007)
However, the functional and anatomical dichotomy between the
spinal systems controlling skilled and less skilled motor movements
cannot be that clearly distinct. First, both systems cannot work
independently. Take for example the task of reaching and grasping
an object; a motor action which requires from the synchronized
and precise set of skilled body movements. While extending the
arm and shaping the opening of the hand to the contour of the
object, the body posture is also adjusted by correcting the activity
pattern of the trunk musculature. In addition, although the object
manipulation requires of precise movement of the digits, the whole
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reaching and grasping process needs the participation of both dis-
tal and proximal arm muscles (McCrea et al., 2002). In this line,
elegant electrophysiological studies have shown the convergence of
reticulospinal and corticospinal inputs onto cervical spinal inter-
neurons controlling not only proximal but also distal arm muscles,
evidencing the role of the brain stem pathways in the control of
hand movement (Riddle et al., 2009).

Despite the lack of a complete and detailed description of the cir-
cuitry involved in reaching and grasping, robust sets of experiments
are starting to reveal the neuronal architecture connecting the cortex,
the brainstem and the spinal cord (Alstermark and Isa, 2014). Strong
structural differences appear between rodents and other species,
which include: the absence of direct corticomotoneuron synapses
and the unknown presence of a strong propiospinal system located
at C,_. Despite these differences, these studies evidenced the exis-
tence of an intricate connectivity between the motor cortex and mo-
toneurons, including neuronal networks located at different levels of
the central nervous system (CNS), which are involved not only in the
conduction but also in processing the reaching and grasping com-
mand. Importantly, in this motor engram, the reticulospinal tract
together with the corticospinal and propisospinal pathways plays a
preponderant role. A set of experiments by Alstermark et al. (2014)
have revealed the importance of oligosynaptic excitatory corticofugal
pathways to forelimb motorneurons in the control of skilled digit
movements. This circuit may also be important in human walking
recovery after stroke (Jang et al., 2014), although the functional
weight in arm and hand function and recovery is unknown.

Recent experiments highlight the role played by brainstem motor
descending pathways on the recovery of skilled hand function fol-
lowing injuries to the brain or spinal cord. These studies have shown
the involvement of spinal tracts, other than the corticospinal and ru-
brospinal tracts, in the recovery of reaching and grasping in rodents
subjected to spinal cord injuries. Several studies have reported that
preserved descending motor axons projecting through the spared
lateral and dorsolateral spinal cord must have been responsible for
guiding the achieved recovery (Girgis et al., 2009; Hurd et al., 2013;
Weishpurt et al., 2013). Anatomical studies are starting to finely cor-
roborate these findings. Rodents with unilateral stroke spontaneous-
ly recovered the ability to use their forelimbs to walk on along a rope.
This recovery was accompanied by a strong reorganization of the
cortico-reticulo and reticulo-spinal connectivity (Bachmann et al.,
2014). Similarly, reticulospinal axons from rodents with a spinal cord
lateral hemisection spontaneously branch above the injury and form
contacts with propriospinal neurons, which bypass the injury and
render motor recovery. These rearrangements were accompanied by
substantial locomotor recovery (Filli et al., 2014). We recently per-
formed a set of experiments in which we damaged both the cortico-
spinal and rubrospinal tracts by inflicting a bilateral pyramidotomy
at the level of the medulla and a bilateral crush of the dorsolateral fu-
niculi at the C, spinal segment. A group of animals received intraspi-
nal injections of chondroitinase ABC at C, (Garcia-Alias et al., 2015).
It has been widely demonstrated that the digestion of chondroitin
sulfate proteoglycans in the extracellular matrix promotes plasticity
and recovery after injury to the CNS (Soleman et al., 2014). Our
findings showed that the animals which received chondroitinase and
intense forelimb rehabilitation showed significant redistribution of
reticulospinal processes in the caudal cervical spinal cord compared
to the injured and untreated animals (Figure 1). In addition, chon-
droitinase treated animals recovered their ability to reach and grasp.

Figure 1 Diagrams depicting caudal cervical spinal cord transverse
sections.

The drawing from the left shows the localization of axons (punctuation)
on the white matter from distinct descending motor pathways, and their
terminations on the rexed laminae in the grey matter (shadowed area). The
right cartoon represents the same cervical spinal cord segments from an
animal with damaged corticospinal and rubrospinal axons. Chondroitinase
treatment together with physical rehabilitation enhances branching of un-
damaged reticulospinal axons, increasing their density in both normal and
ectopic termination areas of the grey mater.
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These results suggest that these therapies enhanced the sprouting of
reticulospinal axons which favored the reconnectivity between the
cortex and the motor cortex and led to the recovery of an animal’s
manual dexterity. Taken together, these experiments indicate that
some degree of hand functional recovery can occur after injury by
promoting plasticity of pathways other than the corticospinal and
rubrospinal pathways.

Due to the functional relevance of corticospinal tract integrity
for the appropriate processing of sensorimotor input in humans,
many experiments are focused on promoting spinal cord repair by
increasing the regenerative or reparative capacities of corticospinal
axons. Additional effort has been made to alternatively promote
plasticity of the functionally complementary rubrospinal axons
(Raineteau et al., 2001; Siegel et al., 2015). The recent identifica-
tion of brain stem pathways involved in the control (Esposito et
al., 2014) and the recovery of arm and hand function, as described
above, opens a new venue for the development of restorative strat-
egies aimed at substituting the plasticity of the corticospinal axons
with reticulospinal or other brain stem descending motor axons.

However, independently of the plasticity displayed by the other
descending tracts, there still remains the question of whether or
not, corticospinal reconnectivity must be an indispensable require-
ment for the efficient repair of voluntary and skilled motor control.
Although the human CNS is much more cortical than any other
mammalian CNS (Swanson, 1995), and the important role played
by the corticospinal tract in motor control, it must be noted that
the specific sensory motor function displayed by the corticospinal
tract is still unclear. Direct corticomotoneuron connection allows
fine and fractionated digit control, and offers speed to move-
ments. However, the absence of corticospinal axons “per se” does
not abolish movement in non-human primates, suggesting that
other spinal tracts must act as motor executors. If the candidate
pathway to restore fine motor control has its origins in the brain
stem, identifying its nature, connectivity and physiology will be
imperative in order to find strategies to overcome their limitations
for spontaneous recovery and to enhance their structural and func-
tional plasticity. An alternative approach, based in a much wider
integrative interpretation of the CNS function, could offer a view
in which the most important factor in promoting motor recovery
is to maintain the continual flow of information along the neural
axes independently of the nature of descending motor pathways
which conduct the motor command. The descending volleys must
cross the injury, which would act as an “electrical funnel” and once
passed, they will need to interact with a newly shaped spinal net-
works. Furthermore, this descending volley will need to readapt to
the restrictions created post-injury, which will require the integra-
tion and processing of limited information coming from above the
injury with the altered information coming from the periphery.

Whether or not enhancing motor recovery can be driven by one
or more specific pathways, activity dependent therapies will be a
key element to teach the injured spinal cord to create, retain or
strengthen any useful connections, and eliminate those which are
maladaptive. This training could be further strength by the con-
comitant use of pharmacological and/or electrical interventions.
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