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TOPICAL REVIEW

Corticospinal reorganization after spinal cord injury
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Abstract The corticospinal tract (CST) is a major descending pathway contributing to the control
of voluntary movement in mammals. During the last decades anatomical and electrophysiological
studies have demonstrated significant reorganization in the CST after spinal cord injury (SCI)
in animals and humans. In animal models of SCI, anatomical evidence showed corticospinal
sprouts rostral and caudal to the lesion and their integration into intraspinal axonal circuits.
Electrophysiological data suggested that indirect connections from the primary motor cortex to
forelimb motoneurons, via brainstem nuclei and spinal cord interneurons, or direct connections
from slow uninjured corticospinal axons, might contribute to the control of movement after a CST
injury. In humans with SCI, post mortem spinal cord tissue revealed anatomical changes in the
CST some of which were similar but others markedly different from those found in animal models
of SCI. Human electrophysiological studies have provided ample evidence for corticospinal
reorganization after SCI that may contribute to functional recovery. Together these studies have
revealed a large plastic capacity of the CST after SCI. There is also a limited understanding of
the relationship between anatomical and electrophysiological changes in the CST and control
of movement after SCI. Increasing our knowledge of the role of CST plasticity in functional
restoration after SCI may support the development of more effective repair strategies.
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Introduction

There are over 400,000 persons with spinal cord injury
(SCI) in the United States and several millions worldwide.
SCI impairs motor and sensory function resulting in
disabilities that seriously diminish the quality of life (Hill
et al. 2009; Herrmann ef al. 2011). Numerous repair
strategies have been tested in a laboratory environment
but treatments that improved function have not yet
been translated successfully into the clinic. At present,
rehabilitation-based approaches are most widely used to
promote recovery after SCI and these probably depend on
the recruitment of descending motor pathways including
the corticospinal tract (CST). The CST contributes
significantly to the control of motor skilled movements
in mammals (Lemon, 2008). During the last decades
the CST has been a prominent target for investigating
injury-induced plasticity and motor recovery after
SCL

This review discusses anatomical and electro-
physiological reorganization in the CST after SCI in
animals and humans. In different species, the CST
originates from a variety of cortical areas and terminates
in different regions of the spinal grey matter (Lemon
& Griffiths, 2005). In the macaque monkey, the CST
originates from nine different cortical regions, and the
primary motor cortex contributes to about 30% of the
axons (Galea & Darian-Smith, 1994). Each cortical sub-
division has its own unique pattern of termination within
the spinal grey matter, indicating different functional
roles for each of the different subdivisions. Indeed, CST
projections originating from primary motor cortex are of
major importance for voluntary movement, while those
from dorsal and ventral premotor areas are involved
in the sensory guidance of movement, axons from
the supplementary motor area in the planning and
coordination of movement sequences, and axons from
cingulate motor areas in emotional aspects of movement
(Lemon & Griffiths, 2005; Lemon, 2008). This review
focuses on corticospinal axons originating in the primary
motor cortex but these issues will be considered in the
summary of our conclusions. In animal models of SCI
we will focus on rodents, cats and macaque monkeys.
Rodents offer the possibility for detailed quantitative
studies of SCI-induced changes in CST anatomy using
tracing and histological techniques. Cats contribute to
our understanding of the reorganization and development
of corticospinal neurons (Martin, 2005). Monkeys have
anatomical structures, motor apparatus and motor
behaviour comparable to humans (Lemon & Griffiths,
2005; Darian-Smith, 2007). In humans, anatomical and
electrophysiological changes in CST organization have
been demonstrated in numerous studies revealing a large
plastic ability that may contribute to functional recovery
after SCI.
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Anatomical reorganization of the CST after SCI

Rodents. The CST in rodents consists of a major crossed
dorsal and minor uncrossed ventral component (Fig. 1A;
Joosten et al. 1987; Terashimi, 1995). About 95% of all
corticospinal axons are located in the ventral aspect of the
dorsal columns and about 3-5% in the medial aspect of
the ventral columns (Fig. 1A; Joosten et al. 1992; Brosamle
& Schwab, 1997). Two minor CST components are located
laterally and dorsolaterally in the lateral columns (Joosten
et al. 1992). The defined location of the dorsal CST allows
focal lesions without damaging other descending tracts.
However, focal dorsal CST lesions will leave the ventral

A Rodents B Cats/Monkeys/Humans
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Figure 1. Corticospinal tract anatomy in rodents and
cats/monkeys/humans

Schematic drawings of the brain and spinal cord illustrating the
course of the corticospinal tract (CST) in adult rodents and
cats/monkeys/humans. A, in adult rodents, corticospinal axons
deriving from neurons in the motor cortex converge in the corpus
callosum (CC), course through the internal capsule (IC), and cross
the midline (dashed line) in the pyramidal decussation (PYX) and
descend in the spinal cord. Most corticospinal axons cross the
midline (>90%; contralateral (CL) crossed axons). The remaining
corticospinal axons follow the same trajectory but do not cross the
midline (<10%; ipsilateral (IL) uncrossed axons). The CST has three
bilateral components that course in the ventral part of the dorsal
columns, the dorsal aspect of the lateral columns, and the medial
aspect of the ventral columns. B, in adult cats, monkeys and
humans, corticospinal axons from motor cortex neurons course
through the corpus callosum (CC) and internal capsule (IC) to cross
the midline (dashed line) in the pyramidal decussation (PYX) and
descend in the spinal cord. Most corticospinal axons cross the
midline (75-95%; contralateral (CL) crossed axons). The remaining
corticospinal axons have a similar route but do not cross the midline
(5-25%, ipsilateral (IL) uncrossed axons). In these species, the CST
has two bilateral components coursing in the dorsal aspect of the
lateral columns (the lateral cerebrospinal fascicles) and the medial
aspect of the ventral columns (the ventral cerebrospinal fascicles).
For clarity, the illustrations of brain and spinal cord are not to scale.
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and lateral CST intact, which is important to consider in
the interpretation of anatomical and electrophysiological
data.

The rodent’s motor cortex experiences dynamic
structural changes after SCI. Studies by Kalil and
collaborators demonstrated severe shrinkage (atrophy) of
layer 5 corticospinal neurons as early as 2 weeks after a
lesion at the pyramidal decussation (Kalil & Schneider,
1975). In agreement, retrograde tracing (McBride et al.
1989; Tang et al. 2004) and imaging (Carter et al. 2008)
studies showed atrophy of corticospinal neurons after SCI.
After axotomy at the spinal cord level, some corticospinal
axons retrogradely degenerate while others die back over
a few millimeters (Oudega et al. 1999). The distal parts of
the axotomized corticospinal axons undergo progressive
fragmentation and Wallerian degeneration starting within
days after injury (Hill et al. 2001). Death of cortico-
spinal neurons resulting from axotomy after SCI remains
controversial. Some studies have confirmed SCI-induced
loss of corticospinal neurons (Hains et al. 2003; Sasaki
et al. 2006) but others are in variance (Kalil & Schneider,
1975; Barron et al. 1988; McBride et al. 1989; Nielson et al.
2010). The disagreement may be due to differences in
methodology, the ability of surviving axons to reorganize
(Lietal 1994; Hill et al. 2001), time of injury (Leenen et al.
1989; Merline & Kalil, 1990; Oudega et al. 1994), or injury
location. For example, injuries close to the pyramids result
in pronounced death of corticospinal neurons (Bonatz
et al. 2000) whereas the loss is much less with injuries at
the spinal cord level (Kalil & Schneider, 1975), although
this still remains controversial (Hains et al. 2003). The
morphology of dendritic spines of corticospinal neurons
also changes after SCI with a marked decrease in post-
synaptic spine density and an increase in spine length
and head diameter (Kim et al. 2006). The remarkable
increase in spine length suggests that corticospinal neurons
acquire an immature and modifiable pattern of synaptic
connectivity after SCI (Kim et al. 2006).

Many studies have demonstrated that the CST has the
capacity to spontaneously sprout rostrally and caudally to
a spinal cord lesion. Injury-induced sprouting has been
shown from injured and uninjured corticospinal axons,
days and weeks after injury, and near and away from
the injury site (Fouad et al. 2001, 2011; Hill et al. 2001;
Bareyre et al. 2004; Ghosh et al. 2009; Onifer ef al. 2011).
A lesion of the dorsal CST only in the thoracic spinal
cord resulted in corticospinal sprouts which established
synaptic connections with cervical propriospinal neurons
projecting to adjacent or distant spinal cord segments
(Fig. 2A; Fouad et al. 2001; Bareyre et al. 2004; Ghosh et al.
2009). Interestingly, with longer post-lesion survival times,
synaptic connections of corticospinal sprouts on proprio-
spinal neurons with short projections were lost whereas
those on propriospinal neurons with long projections
remained (Bareyre ef al. 2004). This refinement of newly

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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established indirect corticospinal connections ensured an
influence onto the spinal cord below the level of the injury,
which may have important functional implications. These
data suggest that remodeling of corticospinal neurons after
SCI occurs in two phases: initially injured corticospinal
axons contact neurons in a non-specific fashion which is
followed later by refinement of the established connections
(Bareyre et al. 2004). A lesion of the dorsal CST also leads
to substantial spontaneous sprouting from the ventral
(undamaged) CST (Fig. 2A) and a lesion of both the dorsal
and ventral CST eliminated all sprouting (Fig. 2B; Weidner
et al. 2001). If the ventral CST lesion was completed after
the dorsal CST lesion animals did not show functional
improvements, suggesting that sprouting from ventral
CST axons was involved in functional recovery (Weidner
etal 2001).

Corticospinal sprouting can also be elicited by
experimental interventions including the application of
brain-derived neurotrophic factor (BDNF) into the cortex
(Namiki et al. 2000; Hiebert et al. 2002; Zhou &
Shine, 2003), transplantation of bone marrow-derived
mesenchymal stem cells genetically modified to express
higher levels of BDNF (Sasaki et al. 2009), neutralization
of the neurite outgrowth inhibitory protein Nogo-A
(Schwab, 2004; Gonzenbach & Schwab, 2008), electrical

44— Rostral

Dorsal hemisection

Caudal —p

4— Rostral
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Figure 2. Corticospinal sprouting after SCI

Schematic drawings of the CST response to SCl in adult rats/mice. A,
a dorsal hemisection transecting the dorsal and lateral CST results in
extensive sprouting (in red) of the unlesioned ventral component of
the CST rostral and caudal to the lesion. Rostral CST sprouts connect
with propriospinal neurons (PN) with local or distant projections. The
former connections are transient while the latter remain, thereby
establishing CST influences over the caudal spinal cord segments.
Note that rostral is to the left as indicated in both figures. B, CST
sprouting is absent after a complete spinal cord transection in adult
rats/mice. Abbreviations: DC, dorsal columns; GM, grey matter; VH,
ventral horn; WM, white matter.
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stimulation of the CST (Brus-Ramer et al. 2007; Carmel
et al. 2010) and rehabilitative training paradigms (Fouad
et al. 2000; Girgis et al. 2007; Krajacic et al. 2010).

It is important to consider that the sprouting capacity
of the CST, whether spontaneous or induced, may be
influenced by factors such as Wallerian degeneration,
changes in other injured or intact axonal tracts
(Ballermann & Fouad, 2006), lesion severity (Hill et al.
2001), development (Kalil & Reh, 1982) and external
factors such as aging (Jaerve ef al. 2011). Methodological
aspects may also affect CST sprouting. For example, a
single neurotrophin injection may increase (Schnell et al.
1994) but prolonged neurotrophin infusion may decrease
(Hagg et al. 2005) collateral sprouting.

Cats. The CST in cats contains a larger dorsolateral and
a smaller ventral component. At the cervical level, the
dorsolateral CST contains about 92% and the ventral CST
about 63% crossed axons (Fig. 1B; Chambers & Liu, 1957;
Flindt-Egebak, 1979; Martin, 2005).

Diffusion tensor imaging analysis showed Wallerian
degeneration of descending tracts several centimeters
caudal to a unilateral hemisection 3-21 days post-lesion
(Cohen-Adad et al. 2011). Although, specific descending
tracts were not identified in this study, the regions of
interest covered the location of the CST. As in rodents,
the CST in cats has the capacity to sprout spontaneously.
Evidence has shown that the density of corticospinal axon
terminals increases after a unilateral CST lesion and that
the sprouting capacity of the CST varied with development
(Gémez-Pinilla et al. 1986; Murray & Goldberger, 1986;
Martin et al. 1999). In neonatal cats, the density of cortico-
spinal axon terminals increased ipsilateral to the lesion
whereas in adult cats most terminals were found contra-
lateral to the lesion (Gémez-Pinilla et al. 1986). During
the postnatal corticospinal critical period, competitive or
cooperative interactions between corticospinal neurons
have been reported on the lesioned and intact side,
suggesting that activity-dependent refinement of axon
terminals is a mechanism of anatomical and functional
CST reorganization (Martin et al. 1999).

The sprouting capacity of the CST in cats can
be enhanced under experimental conditions. Electrical
stimulation of CST axons rescues existing and promotes
growth of transient corticospinal terminals, suggesting
that both orthodromic and antidromic effects of
stimulation could lead to further sprouting in the
developing and mature CST (Salimi & Martin, 2004).
Also, blockage of CST activity on one side resulted in novel
spinal grey matter axon terminals from the unaffected CST
(Chakrabarty & Martin, 2010), which might be used to
enhance the potential of the damaged corticospinal system
after SCI.
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Non-human primates. The majority of CST axons in
non-human primates descend in the dorsal aspect of
the lateral columns (Fig. 1B; Lawrence & Kuypers, 1968)
and consist of around 90% crossed axons at the cervical
enlargement (Galea & Darian-Smith, 1994; Lacroix et al.
2004). A minor portion of corticospinal axons descend
in the medial aspect of the ventral columns (Fig. 1B;
Lawrence & Kuypers, 1968). In macaques, CST neurons
with monosynaptic connections with spinal motoneurons
arelocated in the caudal but not rostral region of the motor
cortex (Rathelot & Strick, 2009), which may provide an
important part of the neural substrate for the enhanced
manual dexterity in macaques and humans.

Past and more recent anatomical studies showed that
unilateral CST lesions in the cervical spinal cord of
macaque monkeys results in atrophy of corticospinal
neurons (Wannier ef al. 2005). Wallerian degeneration of
the distal part of axotomized corticospinal axons starts
hours after SCI (Bresnahan, 1978). As in rodents, in
macaque monkeys there is some controversy regarding
the effect of the distance between a lesion and the motor
cortex on the death of corticospinal neurons. Substantial
loss of corticospinal neurons was reported after a unilateral
pyramidotomy (Pernet & Hepp-Reymond, 1975) while
the loss after a cervical spinal cord lesion was minimal
(Wannier et al. 2005). However, other studies showed
large survival of corticospinal neurons irrespective of the
location of the damage (Lassek, 1946; Bronson et al. 1978).
It should be kept in mind that due to body size, lesions at a
specific spinal cord level reflect larger distances in monkeys
than in rodents, which might affect the probability of
survival and thus the comparison between the two species.

Earlier studies with macaques suggested pronounced
spontaneous sprouting of corticospinal axons after SCI,
but the non-specificity of the histological methods limited
the interpretation (McCough et al. 1958). In later studies,
tracing techniques were used to show corticospinal
projections to the hemicord caudal to a cervical (Galea
& Darian-Smith, 1997) and lumbar (Aoki et al. 1986)
spinal cord lesion. Galea and Darian-Smith (1997) used
retrograde and anterograde tracing to demonstrate a lack
of substantial anatomical reorganization of corticospinal
projections over a recovery period of over 2 years after a C3
hemisection. In contrast, Aoki and colleagues (1997) used
retrograde tracing unilaterally to a hemisection before,
directly after and up to 38 months after the lesion to showa
significant increase in retrogradely labelled neurons in the
precentral motor cortex ipsilateral to the lesion, suggesting
that corticospinal projections to the spinal cord caudal to
the lesion were newly formed on the side of the spinal cord
hemisection, possibly by collateral sprouting. Similarly, in
adult rhesus monkeys, extensive spontaneous sprouting of
spared corticospinal axons was reported after alow cervical
hemisection (Fig. 3; Rosenzweig et al. 2010). In this study,
24 weeks post-lesion, corticospinal axon density unilateral

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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to the lesion was restored up to 60% of the pre-lesion
density most probably due to sprouting of unlesioned
contralateral corticospinal axons (Rosenzweig et al. 2009,
2010).

Some experimental interventions were shown to
facilitate corticospinal sprouting in the spinal cord.
Neutralization of the neurite outgrowth inhibitory protein
Nogo-A leads to extensive axonal sprouting caudal (Fig. 4;
Freund et al. 2006) and rostral (Freund et al. 2007)
to the lesion. Importantly, these observations for the
first time provided evidence for a proof-of-principle in
different animal models of SCI which might facilitate the
development of new therapies for SCI in humans.

Humans. The location of the CST in humans and its
division in a dorsal and ventral component is similar to
that found in non-human primates. The CST consists of
about 75% crossed axons in the dorsal aspect of the lateral
columns and 25% uncrossed axons in the medial aspect
of the ventral columns (Fig. 1B; Nyberg-Hansen & Rinvik,
1963; Lemon & Griffiths, 2005).

Early after SCI, necrosis and apoptosis are responsible
for the death of neurons and glia near and far from the
lesion. At later stages, the lesion commonly consists of
a multilocular cavity traversed by vascular—glial bundles
accompanied by regenerated nerve roots (Kakulas, 2004).
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Post mortem human spinal cord tissue revealed Wallerian
degeneration in the CST as early as 12days (Becerra
et al. 1995; Buss et al. 2004) and by magnetic resonance
imaging (MRI) analysis as early as 4—10 weeks post-lesion
(Terae et al. 1993; Becerra et al. 1995; Quencer & Bunge,
1996). The areas of Wallerian degeneration were found
to include progressive astrogliosis (Bunge et al. 1993;
Puckett etal. 1997). Interestingly, in the chronically injured
human spinal cord, the number of reactive astrocytes
around the lesion cavities was small (Bunge et al. 1993;
Puckett et al. 1997) in comparison to that found in rodent
models of SCI (Murray et al. 1990). This finding may
have significant implications for the regenerative ability of
axons in the injured human spinal cord as they may not be
exposed to the growth-inhibitory molecules expressed by
reactive astrocytes to the same degree as in rodents. Other
histological data showed that myelin loss during Wallerian
degeneration of the CST after SCI is gradual with complete
removal from the degenerated white matter over 8 years
after injury (Buss et al. 2004).

In agreement, diffusion tensor imaging analysis
indicated loss of CST axons and/or myelin in humans
with chronic complete thoracic SCI (Wrigley et al. 2009).
The water diffusion changes were also observed in the
corticopontine tract which was not damaged by the spinal
injury, suggesting that in humans, as in animal models

Axon caliber
below lesion

Axon density F
below lesion

Proportional axon
caliber (below/above)
o
[o+]

Figure 3. Extensive compensatory plasticity of the lesioned corticospinal tract in monkeys

Corticospinal tract axons were labelled with D-A488. Axon density in intact (A), short-term lesioned (B), and
long-term lesioned (C) monkey. In D, a single axon is reconstructed showing its origin from the left dorsolateral
CST. E, axon density quantification revealed that CST density was reduced ~75% 2 weeks after injury and recovered
to more than half of pre-lesion axon density by 24 weeks post-lesion. F, quantification of axon thickness revealed
that long-term lesioned animals exhibited a 20% increase in axon calibre below the lesion. In £ and F, dots denote
individual animals’ data points, *P < 0.05. Scale bar in A-C, 100 um. Error bars indicate SEM. Figure modified

from Fig. 4 in Rosenzweig et al. 2010.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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of SCI, uninjured tracts undergo reorganization after
the lesion. Evidence suggests that corticospinal neurons
undergo atrophy after SCI (Yamamoto et al. 1989). Despite
ample evidence for the presence of CST sprouting in
animal models of SCI, evidence in humans remains
sparse and indirect. A few studies showed a reduced
number of myelinated corticospinal axons and retrograde
degeneration in post mortem material after chronic SCI
(Hunt, 1904; Bronson et al. 1978; Fishman, 1987). A
marked depletion of CST axons was reported at the
injury site and close to normal numbers of CST axons
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at a distance from the injury regardless of the injury
duration, proposing that degenerated axons were replaced
by collateral sprouts of surviving axons (Fishman, 1987).

Electrophysiological changes in the CST after SCI

Rodents. After SCI, transcranial electrical (TES; Fouad
et al. 2001; Iyer et al. 2010; Nordblom et al. 2012) and
magnetic (TMS; Magnusson et al. 1999; Chiba et al.
2003; Fujiki et al. 2004; Nielsen ef al. 2007; Zhang et al.
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Figure 4. Nogo-A-specific antibody enhanced corticospinal axon sprouting

Corticospinal axons were labelled using biotinylated dextran amine (BDA) injections in the contralateral motor
cortex. BDA-labelled axonal arbors caudal to the lesion were more numerous in monkeys treated with
Nogo-A-specific antibody (Mk-AM; left, bottom) than with control antibody (Mk-CH; left, top). Seven monkeys
were used to determine the normalized cumulative corticospinal axonal arbor length (in mm; right, top) and the
normalized number of axonal swellings by corticospinal axons (i.e. putative re-established contacts with inter-
neurons or motoneurons; right, middle), which were plotted as a function of lesion extent. Monkey Mk-CP had
profuse sprouting but was incompletely lesioned. The number of corticospinal axonal swellings was also plotted
as a function of the cumulative corticospinal axonal arbor length (in mm) (right, bottom). In all graphs, blue circles
represent control antibody-treated monkeys and red squares represent Nogo-A-specific antibody-treated monkeys.
The extent of the blue and red zones in the semicircular figures represents the extent of the hemicord lesion. Figure

modified from Fig. 2 in Freund et al. 2006.
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2008) stimulation techniques have been used to examine
the electrophysiology of descending pathways including
the CST. TES applied over the rat motor cortex elicited
different patterns of electromyographic (EMG) responses
in forelimb muscles 4 weeks after a mid-thoracic CST
lesion, suggesting the presence of corticospinal axon
sprouting (Fouad et al. 2001). More recently, TES applied
over the rat motor cortex 20 weeks after a complete
thoracic spinal cord lesion with subsequent peripheral
nerve transplantation revealed motor-evoked potentials
(MEPs) in hindlimb muscles (Nordblom et al. 2012).
In this study, the reappearance of MEPs post-lesion was
paralleled by traced CST axons caudally to the lesion
site. It is possible that some CST axons conducted signals
that contributed to the evoked responses. However, other
pathways from the brainstem and propriospinal axons
in the spinal cord also may have been involved. Indeed,
some controversy exists regarding which pathways are
responsible for the evoked responses elicited by motor
cortical stimulation in rats (Kamida et al. 1998; Luft
et al. 2001, 2002; Chiba et al. 2003; Kaga et al. 2003).

Figure 5. The effect of dorsal CST lesion on biceps

brachii MEPs evoked by TMS in the rat

A, location and extent of the CST lesion in the dorsal

funiculus. B-E, MEPs before (Pre; upper traces) and after D
(Post; lower traces) the lesion. The TMS stimulation

intensity was 40, 60, 80 and 100% of maximum

stimulator output in B, C, D and E, respectively. Ten

traces are shown for each condition separated slightly in

order to better visualize the different latencies of the

MEPs. At low TMS intensities MEPs with long Pre
(15-20 ms) latencies (B and C, Pre) were found and

these were suppressed after the lesion (B and C, Post).

MEPs with 10 ms latencies were evoked at 80% of the
maximum TMS intensity (D, Pre) and these were Post
significantly depressed (D, Post) but not to the same

extent as the MEPs with longer latencies. Maximum

TMS intensities evoked MEPs at latencies around 7 ms

(E, Pre) and these were not depressed following the CST

lesion (E, Post). These observations show that it is

unlikely that activation of motor cortex CST neurons

contributes significantly to at least the earliest occurring

MEPs evoked by TMS. Figure from Nielsen et al. 2007.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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It has been shown that electrical stimulation of the
CST at the pyramids elicits excitatory post-synaptic
potentials (EPSPs) in forelimb motoneurons mediated by
di- and trisynaptic excitatory corticofugal pathways and
not exclusively by CST axons (Alstermark et al. 2004).
Furthermore, a localized lesion of the rat CST did not
affect the size of short-latency MEPs in forelimb and hind-
limb muscles elicited by TMS over the motor cortex and
mixed descending inputs contribute to the longer latency
MEPs (Fig. 5; Nielsen et al. 2007). It also remains unclear
how sprouting of CST axons (Hill ef al. 2001) and of other
descending pathways (Ballermann & Fouad, 2006) might
contribute to the evoked responses.

Cats. Compared to the other species, fewer data about
electrophysiological changes in the CST after SCI are
known from cats. Electrophysiological recordings of CST
volleys after SCI have been employed mostly for assessing
the location and completeness of the injury (Alstermark
et al. 1986; Perfiliev et al. 1998). These studies revealed
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that after a complete CST transection at different levels
of the cervical spinal cord, C3—C4 propriospinal neurons
are probably involved in mediating signals to motoneurons
required for reaching movements (Alstermark et al. 1986).
Also, it was found that after a complete CST lesion the
angular movementin the proximal interphalangeal joint of
the paw was disrupted, indicating that the integrity of the
CST is important for this particular behaviour (Perfiliev
et al. 1998).

Non-human primates. In monkeys, changes in direct CST
volleys in the injured spinal cord and monosynaptic field
potentials in forelimb motor nuclei on the lesion side have
been used to examine the severity of the lesion (Sasaki
et al. 2004). In this study, stimulation of the contra-
lateral pyramid after a complete CST transection resulted
in disynaptic EPSPs in forelimb motoneurons (Sasaki
et al. 2004). Importantly, the EPSPs were not observed
in intact animals unless the feedforward inhibition of
the C3-C4 system was decreased (Alstermark er al.
1999). These data suggested that a lesion of the CST
can affect the output from the propriospinal system
which might have important implications in humans.
However, there is also evidence of a lack of a significant
contribution of the C3-C4 system after CST injury to
EPSPs in forelimb motoneurons, suggesting that the
observed EPSPs could also result from monosynaptic
corticomotoneuronal projections from slow uninjured
corticospinal neurons (Maier ef al. 1998; Lemon et al.
2004), which might be relevant because fast axons appear
to be more susceptible to injury (Quencer et al. 1992).
After a thoracic spinal cord contusion, wide-spread
TES of the brain, probably including the motor cortex,
resulted in D-wave responses with long latencies and
small amplitudes recorded by epidural electrodes near
the injury (Arunkumar et al. 2001). The changes in both
measurements correlated with motor function but were
not predictive of the magnitude of recovery. The fact that
in most cases the latency and amplitude returned back
to baseline values within hours after the contusive injury
suggests that the initial results were due to spinal shock
rather than CST damage. A more recent study showed
that MEPs could be elicited in leg muscles by applying
TMS over the motor cortex 22 weeks after a complete
thoracic spinal cord transection (Hernandez-Lain et al.
2011). Intriguingly, the intensity required for eliciting
MEPs was similar pre-lesion and immediately post-lesion
which is in disagreement with most studies in humans
with SCI. Even though the authors argued that these
results could represent a sign of CST regeneration, no
evidence for this possibility was provided. Here, as in
rodents, there are methodological considerations that
need to be taken into account in the interpretation of
the results. Without simultaneous recordings of MEPs,
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epidural descending volleys and recordings from spinal
motoneurons, it remains uncertain that the changes in
muscle MEPs reflect changes in the CST. Furthermore,
the responses elicited by TES and TMS over the motor
cortex in monkeys activate corticospinal axons projecting
to spinal motoneurons in a complex fashion that is
influenced by the size of the cell body, conduction velocity,
location of the neurons and their level of excitability
(Edgley et al. 1997). In monkeys, as in other animal
models, it is also unclear how sprouting of CST axons, and
other descending axons (Rosenzweig et al. 2010), might
affect the specificity of the responses evoked by cortex
stimulation.

Humans. Since the late twentieth century electro-
physiological changes in the human CST after SCI have
been studied primarily with TMS (Levy et al. 1990; Topka
et al. 1991; Brouwer et al. 1992). In the acute and chronic
SCI, MEPs elicited by TMS over the motor cortex have
provided a measure of functional integrity of the CST.

Regardless of the time after injury, the majority of
studies have shown a delay in the MEP latency in
individuals with incomplete SCI compared to controls
(Alexeeva et al. 1997, 1998; Curt et al. 1998; Davey
et al. 1999; Smith et al. 2000; Ellaway et al. 2007). MEP
latencies were found to be delayed by 2-15ms in arm
and leg muscles after cervical SCI for 1day and for up
to 6.5years (Alexeeva et al. 1998; Davey et al. 1998;
Smith et al. 2000). A delay in MEP latency of 2-3 ms
was also found in scalenes and parasternal intercostals
muscles during inspiration and expiration (Lissens &
Vanderstraten, 1996). Individuals with thoracic SCI show
MEDP latency delays of 7-8 ms in paravertebral muscles
at post-lesion times between 3 months and 19.9 years
(Cariga et al. 2002). In some studies, it is difficult to
precisely estimate changes in MEPs latencies over time
because of methodological aspects such as combining
data from individuals with acute and chronic SCI in the
same analysis, and the use of different TMS stimulus
intensities or contraction strengths. Nevertheless, there
is clear consensus that MEP latencies are more prolonged
after SCI and that the time after injury does not correlate
to the MEP latency in the muscles tested (Smith et al.
2000). More recent studies continue to report similarly
delayed latencies of MEPs in leg (Barthélemy et al. 2010)
and arm (Roy ef al. 2011) muscles in individuals with
cervical, thoracic and lumbar SCI with post-lesion times
of over 1 year.

One possible explanation for the delays in MEP latencies
is the demyelination of corticospinal axons. This is
typically observed in the injured human spinal cord
(Bunge et al. 1993) and especially affects large-diameter
axons (Quencer et al. 1992), which to some extent
are activated by TMS (Petersen et al. 2003, 2010).
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Demyelination in the injured spinal cord occurs gradually
over an extended period of time (Buss et al. 2004) which,
unless the immediate injury-induced loss of myelin is at
play, would not fully explain the acute presence (as early
as 1day post-lesion) of the delay in MEP latencies. It
is then most likely that other factors also contribute to
this particular deficit. The reduced number of myelinated
CST axons and retrograde degeneration of injured CST
axons after SCI (Hunt, 1904; Bronson et al. 1978; Fishman,
1987; Yamamoto et al. 1989) may be possible candidates.
The lack of changes in MEP latency over time after
injury despite the fact that patients improved their EMG
recruitment patterns (Alexeeva et al. 1997; Smith et al.
2000) argues against the possibility that remyelination is
an important contributor to the recovery process.

Most studies also showed that the threshold for evoking
an MEP is increased after SCI and that this parameter
is less affected by time after injury (Davey et al. 1998,
1999; Smith et al. 2000; Cariga et al. 2002; Freund et al.
2011). Alongitudinal study in individuals with incomplete
SCI demonstrated that motor thresholds examined at rest
or during small voluntary contractions were significantly
increased from 1 to 300 days after injury compared to
controls (Smith ef al. 2000). In agreement, individuals
with post-lesion times between 90 to 852 days showed
increased resting and active motor thresholds in finger
muscles compared to controls (Davey et al. 1998, 1999).
The increase in MEP threshold after SCI may be related
to a decrease in corticospinal axons reaching the spinal
motoneurons involved in the specific motor task. This is
also consistent with the loss of innervations from segments
above the lesion, which can contribute to MEP activation.
It is important to consider that synaptic relays at the
cortical and spinal cord level contribute to the formation
of an MEP (Siebner & Rothwell, 2003). Thus, after
incomplete SCI, threshold magnitude may be determined
by the excitability of synaptic relays and the synaptic
activity in the cortex (Roy et al. 2011).

The functional integrity of the CST has also been
monitored intraoperatively during spine surgeries by
measuring changesin MEPs elicited by TES (Deletis & Sala,
2008). Calancie et al. (1998) suggested that intraoperative
changes in the threshold of MEPs elicited by TES accurately
predict postoperative motor outcome. However, Sala et al.
(2006) reported complete abolishment of MEPs during
surgery in patients that recovered completely in hours
or weeks after surgery. Together, these data suggest that
monitoring of MEPs alone may not be sufficient for pre-
dicting motor outcome after an injury to the CST and
that simultaneous recording of other measurements are
necessary to determine that changes in muscle MEPs
reflect changes in the CST.

More limited studies have investigated transmission
in the CST during motor tasks after SCI. Evidence has
shown that MEP latencies during static and dynamic
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tasks correlate with maximal movement velocity (Wirth
et al. 2008), opening the likelihood that the sensitivity
of TMS responses might be different during voluntary
movement after SCI. A recent study showed that MEPs
elicited in a resting limb were not modulated by contra-
lateral strong voluntary contractions in individuals with
SCI even in those that were able to perform the same
level of voluntary force as controls (Fig. 6; Bunday &
Perez, 2012). These last findings suggest that recovery
of motor function and aspects of corticospinal function,
such as crossed facilitatory effects, may be differentially
affected by the injury. Deficits in CST transmission during
voluntary activity after SCI have also been shown using
coherence analysis. Coherenceis a standard technique used
to measure the strength of correlations between two signals
in the frequency domain (Baker, 2007). Muscle-to-muscle
coherence is thought to arise from last-order branches
from corticospinal projections and probably reflects
common corticospinal synaptic drive (Farmer et al. 1993;
Conway et al. 1995; Baker et al. 1997). Studies have shown
that coherence in the 10-20 Hz frequency band between
populations of tibialis anterior motor units was absent
during the swing phase of locomotion in individuals with
SCI (Hansen et al. 2005; Barthélemy et al. 2010). Also,
intermuscular coherence measured between hamstrings
and vastus lateralis EMGs during locomotion was found to
be decreased in individuals with SCI compared to controls
(Norton & Gorassini, 2006). The results from coherence
analysis indicate that after SCI changes in corticospinal
transmission are present during the natural execution
of a motor task. Although the combination of MEP
and coherence measurements during voluntary activity
have provided evidence about different aspects of cortico-
spinal transmission after SCI, due to differences in the
source of both signals, a direct comparison between these
measurements remain difficult.

Training interventions after SCI

Rodents. Rehabilitative training alone or in combination
with other therapies was shown to promote reorganization
in the CST after SCI (Fouad et al. 2000; Girgis et al. 2007;
Krajacic et al. 2010; Starkey et al. 2011). Training effects
appear to depend, at least in part, on the location of the
SCI and in the specificity and onset time of training. For
example, 6 weeks of training a single-pellet-grasping task
after alesion of the dorsal CST or the dorsal and lateral CST
resulted in functional improvements and CST sprouting
(Krajacic et al. 2010). However, when the injury involved
the lateral CST and the rubrospinal tract, which is located
in the dorsal aspect of the lateral columns, no changes
were observed in both motor behaviour and collateral
sprouting. This surprising result might indicate that
differences in the role of the injured descending tracts may
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have an impact on the behavioural and anatomical effects
of training. In addition, training adult rats to perform a
single-pellet-grasping task or horizontal ladder walking
after a pyramidotomy resulted in specific improvements
in the practiced task and some recovery in the untrained
task (Starkey et al. 2011). Interestingly, in this study, only
practice of the grasping task resulted in an increase in CST
sprouting, suggesting that the complexity and demands
of the training protocol are important factors that may
impact the anatomical effects of training. Training efficacy
appears to also be affected by the onset time of training.
While acute training onset, as early as 4 days after injury,
elicited task-specific improvements in motor recovery in a
single-pellet-grasping task it also resulted in impairments
in an untrained motor task (Girgis et al. 2007). The
impairment in an untrained task was not present when
training onset was shortly delayed, starting 12 days after
injury (Krajacic et al. 2009).
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When rehabilitative training strategies are combined
with other interventions such as chondroitinase
ABC (ChABC, a bacterial enzyme that digests
extracellular axonal growth-inhibitory chondroitin sulfate
proteoglycans) treatment functional recovery improved
in acute (Garcia-Alias et al. 2009) and chronic (Wang
et al. 2011) SCI. It is thought that CST sprouting
above the lesion contributed to the observed functional
improvements (Garcia-Alias et al. 2009; Wang et al. 2011).
However, training-induced CST sprouting does not always
come with behavioural improvements. After a thoracic
lesion of the CST in rats, Nogo-A antibody treatment was
found to improve the step cycle and CST sprouting. On
the other hand, rats that trained on a treadmill showed
improvements in locomotor function that were different
to those seen after Nogo-A antibody treatment and also
did not show signs of CST sprouting (Maier et al. 2009).
The combination of Nogo-A antibody treatment and
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Figure 6. MEPs in individuals with and without cervical SCI

MEPs recorded from the resting first dorsal interosseous muscle (FDI) of a representative healthy control (A) and
an individual with cervical SCI (B) while the other side remained at rest or performed 30% (blue traces) or 70%
(green traces) of maximal voluntary contraction (MVC) into index finger abduction or elbow flexion. Group data
(C, healthy controls, n = 10; D, cervical SCl, n = 14). The abscissa shows the MVC levels tested (30% of MVC,
blue bars; 70% of MVC, green bars). The ordinate shows the size of the FDI MEP as a percentage of the baseline
FDI MEP. Note the increase in FDI MEP size during contralateral index finger abduction and elbow flexion in healthy
controls but not in individuals with cervical SCI. Error bars indicate SEMs. *P < 0.05. Figure modified from Fig. 1

in Bunday & Perez, 2012.
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treadmill training resulted in increased CST sprouting but
also in interference and poorer locomotor performance
(Maier et al. 2009). These results emphasized the need to
understand single treatments well before implementing
them into combinatorial strategies because the ultimate
strength of the combination depends on the characteristics
(i.e. mechanism of action, timing, etc.) of the individual
components. Also, the data underscore the possibility that
a combinatorial approach might not always be the best
option to maximize functional outcomes.

Cats. Experiments in cats have demonstrated that the
CST is not essential for a motor task such as locomotion
but important in situations in which adjustments of gait
control are required such as walking on a horizontal ladder
or during modifications of walking patterns (Drew, 1993;
Drew et al. 2002). In cats, a lesion of the CST leads to drop
foot, suggesting that corticospinal neurons are actively
involved in muscle activity during undemanding walking
(Drew et al. 2002). Despite the fact that CST injuries have
been associated with specific locomotor deficits, intensive
treadmill training of cats resulted in bilateral hindlimb
locomotion within hours of a complete spinal cord lesion
(Barriére et al. 2008). Even untrained cats recovered
quadrupedal locomotion, albeit more delayed than trained
cats. Training mostly affects spinal locomotor networks,
but there are specific features such as corrective responses
to the loss of ground support that depend to a large extent
in the integrity of supraspinal input (Hiebert et al. 1994)
which may involve the CST. These results demonstrate
the necessity of considering the variations in cortico-
spinal function and organization between species (Lemon
& Griffiths, 2005) before extrapolation of experimental
data.

Non-human primates. To our knowledge no evidence for
the effect of rehabilitative training has been reported in
non-human primates with SCI.

Humans. Evidence of the involvement of the CST in
functional recovery after SCI has been demonstrated by
studies using TMS and coherence analysis. In individuals
with incomplete SCI, the size of MEPs in leg muscles
elicited by TMS over the leg motor cortex was increased
after 3—5 months of daily locomotor training (Thomas
& Gorassini, 2005). The changes in MEP size were
significantly correlated to the degree of locomotor
recovery, suggesting that the CST was involved, at
least in part, in the functional recovery of walking
after training. Additionally, coherence measured between
hamstrings and vastus lateralis in the 24-40 Hz frequency
band increased after locomotor training in individuals
with incomplete SCI, suggesting an increased cortico-
spinal drive to leg muscles during walking (Norton &
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Gorassini, 2006). More direct evidence for a correlation
between functional outcome and electrophysiological
measures of corticospinal function was recently reported
by Barthélemy and collaborators (2010). This study
showed in individuals with SCI that 10-20 Hz coherence
between paired tibialis anterior EMG recordings obtained
during the swing phase of walking was positively correlated
with the magnitude of foot drop, measured by toe elevation
and ankle angle excursion during the swing phase of
locomotion.

The involvement of the CST in functional recovery
after injury has been also suggested for upper limb
muscles. Individuals with cervical SCI demonstrate an
increase in the size of the maximum MEPs elicited in
the biceps brachii and extensor carpis radialis brevis and
longus after intensive exercise therapy combined with
functional electrical stimulation (Ellaway et al. 2011).
A case report, in an individual with chronic cervical
SCI, showed that after bimanual massed practice training
combined with somatosensory stimulation, the MEP
motor map measured in the biceps brachii muscle shifted
anteriorly and increased in area and volume (Hoffman
& Field-Fote, 2007). Furthermore, the threshold to elicit
MEDPs during a small voluntary contraction in an intrinsic
finger muscle increased after the use of 5 Hz repetitive TMS
(rTMS) over the hand representation in the motor cortex
for five consecutive sessions in individuals with cervical
SCI (Kuppuswamy et al. 2011). This unexpected result,
suggesting lowering of corticospinal excitability after
high-frequency rTMS, was attributed to some extent to
a different balance of corticospinal excitability to different
muscles after rTMS in individuals with SCI. Thus, if an
isolated muscle contraction was needed individuals might
have generated less corticospinal drive targeting other
muscles. However, this interesting hypothesis remains
to be tested. Together these data not only support the
view of the involvement of the CST in recovery of motor
function after SCI butalso confirm that transmission in the
CST is of relevance for human motor behaviour. Electro-
physiological techniques can also be used to explore the
impact of SCI on descending tracts other than the CST
(Marchand-Pauvert et al. 2001; Potter et al. 2008), which
remain poorly understood and can represent a challenge
for future studies.

Summary

During the last decades a large number of studies involving
animal models of SCI have provided detailed evidence for
anatomical changes in the CST after injury. In rodents, cats
and monkeys SCI results in atrophy or death of cortico-
spinal neurons, degeneration or dieback of CST axons
and spontaneous CST sprouting including the formation
of synaptic connections in the spinal cord. An important
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conclusion that can be drawn from these investigations is
that ultimately CST reorganization represents the balance
between lost and new synaptic connections and may differ
per type of injury. Fewer studies have examined electro-
physiological changes in the CST after SCI and much of
the data are based on indirect methods to identify cortico-
spinal neurons such as comparisons of MEP sizes or motor
responses evoked by motor cortical stimulation. Thus, a
clear gap exists in our knowledge of physiological effects of
CST stimulation on spinal motoneurons after SCI. Some
of the pressing questions that need to be understood are:
How do residual corticospinal-motoneuronal synapses
behave after SCI? How do residual descending inputs drive
motoneurons? What are the effects of CST sprouting on
spinal inter- and motoneurons? What is the functional
role of new synaptic connections? Why do some CST
axons sprout while others remain dormant or degenerate?
Answering these questions represents challenges for
future new investigations and they might be tackled
by the use of a multidisciplinary approach, by further
refinement of the methodology used to characterize the
CST after SCI, and by considering these issues and their
potential problems in the early stages of experimental
designs.

In humans, studies using post-mortem spinal cord
tissue revealed that some anatomical changes in the CST
after SCI are similar and others markedly different from
those reported in animals. For example, the number of
astrocytes around injury-induced cystic cavities is small
in humans but high in rodents. Also, while in animals
the presence of collateral CST sprouting has been well
demonstrated, their empirical demonstration in humans
with SCI still remains circumstantial. In contrast to
animal models of SCI, most of our information about
CST reorganization after SCI in humans derives from
electrophysiological studies. Although there is a consensus
that MEP latencies and motor thresholds are increased
regardless of the time after SCI, emerging studies are
focusing on better understanding the involvement of the
reorganized corticospinal pathway during functionally
relevant motor tasks, which might be especially
important for elucidating mechanism of recovery after
SCL

After decades of research, an intriguing unanswered
question is why a large gap still exists in the extrapolation
of knowledge from animal models into human SCI and
repair. The answer to this question might be difficult
to obtain mostly because of the complexity of the
problem and to the differences in CST organization and
transmission to spinal motoneurons between species.
For example, the CST originates from many different
functional areas making it unlikely that its contribution
will involve a single role. In addition, the CST terminates
extensively within the spinal grey matter, which might
be reflected in its functions in the control of nociceptive
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inputs (Wall & Lidierth, 1997), somatosensory and reflex
inputs (Pierrot-Deseilligny & Burke, 2005), autonomic
(Bacon & Smith, 1993) and trophic (Martin et al. 1999)
functions. In this review, we discussed in depth anatomical
and electrophysiological consequences of SCI affecting
CST projections from primary motor cortex. However,
the consequences of damage to CST projections from
other cortical regions might be reflected in behavioural
aspects of movement such as the ability to plan a
movement, ability to use sensory signals for movement
corrections, ability to coordinate sequential actions and
many others. These regions can play compensatory roles
which, if properly understood, might be used as targets
for clinical-related therapies. Therefore, one of the biggest
challenges for future studies is to establish the relationship
between anatomical and electrophysiological changes in
the CST after SCI considering the diversity and complexity
of CST projections to further understand their impact
in reorganization. Future outcomes might benefit from
expanding our knowledge in all these specific areas, which
might support the development of the greatly needed
strategies to restore function after human SCI.
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