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Enhancing plasticity in spinal sensorimotor circuits following
injuries to facilitate recovery of motor control
Richard G Dickson, Varinder K Lall and Ronaldo M Ichiyama

After spinal cord injury (SCI), considerable reorganization and
plasticity are necessary for behavioral recovery. Plasticity
enhancing interventions following SCI are varied and include
but are not limited to: targeting the inhibitory environment,
growth promoting transcription factors, stem cell therapy,
neuromodulation via electrical stimulation and rehabilitation
itself. These recent advances have led to extensive axonal
growth and reorganization. However, this plasticity is not
always accompanied by increased behavioral recovery. Here,
we review the most recent literature demonstrating how
combining these plasticity enhancing treatments with
rehabilitation often leads to functional behavioral recovery.
However, only few studies have attempted these combinatorial
approaches and more work is needed to determine the type
and timing of rehabilitation necessary for recovery.
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Introduction

Recovery of sensorimotor and autonomic functions after
severe spinal cord injuries (SCI) remains a formidable
challenge for clinicians and scientists alike, despite prom-
ising progress in recent decades. The diminished or
completely severed connections between areas rostral
and caudal to a spinal lesion results in several cascades
of events leading to an inability to voluntarily control
movement. In severe lesions, this ability is never recov-
ered spontaneously. Several of the mechanisms prevent-
ing such spontaneous recovery continue to be unravelled.
Among those, there is reduced expression of growth
factors combined with an up regulation of inhibitory
factors to axonal growth and lack of neurogenesis [1],

resulting in insufficient compensatory plasticity and per-
manent loss of function.

Functional recovery following such severe lesions is asso-
ciated with two major factors: changes in local spinal
circuitry caudal to the lesion and/or sparing/reconnection
of supra-lesion pathways. Plasticity within the spinal cord
(caudal to the lesion) is a key mechanism associated with
functional improvements with rehabilitation. Motor
recovery following rehabilitation interventions has been
associated with changes in neurotrophic factors [2-5],
synaptic composition, and neurotransmitter availability
[6-9], ion channels and membrane receptors [10,11] and
changes in motoneurone electrophysiological parameters
[12,13]. These have been recently reviewed in Cowan
and Ichiyama [14]; however, many such mechanisms
remain under investigated.

Promising plasticity enhancing strategies have been
developed and trialled pre clinically in recent years
demonstrating some degree of axonal regeneration/
sprouting through a lesion and functional synaptogenesis.
These have been recently reviewed [15,16]. Invariably,
the major outcome measurement to test success of such
interventions is the recovery of sensorimotor function.
Therefore, reorganization of sensorimotor spinal circuits
in conditions of enhanced plasticity becomes a central
topic of interest. Previously, some of those plasticity
enhancing strategies have been combined with rehabili-
tative interventions such as locomotor training [17-20],
cycling [21,22], swimming [23] or reaching and grasping
with forelimbs [24]. In this review, we will focus on recent
evidence investigating recovery of sensorimotor function
and the crucial role rehabilitative interventions play,
especially under conditions of enhanced plasticity. We
have chosen to subdivide different interventions in broad
subclasses representing-specific mechanisms addressed
by each intervention.

Inhibitors of axonal growth

Axonal growth (regeneration or sprouting) is limited
after SCI; therefore, great focus has been given to
growth inhibitory molecules such as Nogo-A and chon-
droitin sulfate proteoglycans (CSPGs). Nogo-A sup-
pression enhances plasticity and results in functional
recovery within 2-4 weeks of treatment commence-
ment [25,26], and starting anti-Nogo-A antibody ther-
apy immediately after SCI is more efficient than delay-
ing treatment [27]. The reduced inhibition observed in
Nogo-A knockout mice is enhanced by triple knockout
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of Nogo-A, myelin-associated glycoprotein (MAG), and
oligodendrocyte myelin glycoprotein (OMGp) with
greater axonal growth and improvements in open field
locomotor score while MAG and OMGp deletion alone
do not result in beneficial effects [28]. Interestingly,
when anti-Nogo-A antibody was simultaneously com-
bined with daily locomotor training a detrimental effect
on functional recovery was observed [19]. However,
sequential (not simultaneous) administration of anti-
Nogo-A antibody followed by intensive treadmill train-
ing leads to significant corticospinal tract (CST) fiber
sprouting and superior recovery of locomotor function
[29]. This was also the case when anti-Nogo-A antibody
was combined with intensive rehabilitation in a stroke
model [30]. Clearly, the timing of delivery for each
intervention is a critical parameter to be considered in
combinatorial approaches.

The common signaling pathway for the above inhibitory
proteins is the Rho/ROCK pathway. RhoA is a regenera-
tion inhibitor and blocking it with Cethrin increases tissue
sparing around the lesion area leading to improvements in
locomotor recovery [31]. Different Rho inhibitors are
currently being tested in phase 1 clinical trials [32,33].
A recent study found an antibody against LPAR1 (known
to activate RhoA) or overexpression of LPPR1 (a negative
regulator of LPAR1) leads to enhanced sprouting of intact
CST axons and fewer missed steps in the grid walk test
following injury [34]. ORL1 signaling can also activate
the Rho/ROCK pathway and it encodes the receptor for
the opioid related peptide, nociceptin, and leads to
increased surface expression of the Nogo receptor
Ngrl. After SCI, ORL1 antagonists improved open field
locomotor function and 5 hydroxytryptamine (5-HT)
fibers sprouting; these effects were further enhanced
when ORL1 inhibition was combined with NgR1 dele-
tion [35]. Although statistically significant behavioral
improvements were observed (grid-walk test or open field
scores), the lesions were less clinically relevant (pyrami-
dotomies or dorsal hemisections) and none of these
studies combined a rehabilitation intervention. Nonethe-
less, they illustrate new directions in this line of promising
approaches to enhance axonal sprouting after lesions.

It is well established that CSPG digestion by chondroi-
tinase ABC (ChABC) treatment improves many forms of
motor and sensory function after SCI [36-39]. Combining
ChABC with intensive voluntary forepaw motor rehabili-
tation resulted in significant improvements in manual
dexterity, while general-enriched environment increased
ladder walk recovery but had a negative effect on manual
dexterity [24]. Only the animals in the combination group
achieved significant behavioral improvements. These
results were replicated when the combination therapy
was initiated four weeks after the initial lesion [40].
Interestingly, unlike the combination with anti-Nogo-A
antibody, simultaneous delivery of ChABC and

rehabilitation did not result in detrimental effects on
behavior. Noteworthy, when both anti-Nogo-A antibody
and ChABC were combined with delayed (four weeks
after injury) reaching training the triple combination
showed the greatest recovery [41]. More recently, a
peptide mimetic was generated which blocks the dystro-
phic cone forming action of CSPGs on the receptor
protein tyrosine phosphatase g; this resulted in increased
5-HT fiber sprouting and improved behavioral recovery
following SCI [42]. The glial scar itself has long been
described to have inhibitory effects on recovery [43].
However, recent studies have shown that eliminating
reactive astrocytes resulted in tissue disruption and
severe motor deficits [44], and astrocytes seem to be vital
for axonal regeneration following SCI [45]. Although,
these latest developments have yet to be tested in com-
bination with rehabilitation interventions. In summary,
restricting inhibitory factors allows the CNS to achieve
some regeneration and behavioral recovery; understand-
ing the type and timing of rehabilitation is vital for future
combinatorial treatments.

Transcription factors and growth promotors
A variety of transcription factors (TFs) have been inves-
tigated in the context of axonal growth and their various
mechanisms have been recently review by Venkatash and
Blackmore [15]. Here, we focus on those TFs used in
recent years to promote axonal growth and/or recovery
following SCI. First, it is important to remember that not
all axonal growth leads to functional behavioral improve-
ments. Viral overexpression of the TF Sox11 (a TF
common in regenerating neurons) increased CST sprout-
ing and reduced axonal dieback following pyramidotomy
[46°°]. However, Sox11 overexpression was found to
actually decrease step accuracy in a horizontal ladder
task. Combined deletion of the inhibitors phosphatase
and tensin homolog (PTEN) and Nogo led to increased
CST regeneration and sprouting but no locomotor or
behavioral improvements following dorsal hemisection
in a mouse [47°]. Numerous other studies also show
increased axonal regeneration with various TFs or other
treatments but fail to report relevant motor function data
[48-53]. It is now common to observe anatomical axonal
sprouting but lack of functional recovery, which suggests
such interventions are insufficient. Disinhibiting or pro-
moting growth is a first necessary step, but this needs to
be further guided for functional and meaningful synapses
to be (re)formed.

Many other studies have found varying (limited) degrees
of behavioral improvement along with considerable axo-
nal growth. For example, co-deletion of PTEN and
cortical suppressor of cytokine signalling 3 (SOCS3)
showed increased CST sprouting and reduced forelimb
errors on a horizontal ladder with no open field locomotor
differences following unilateral pyramidotomy [54]. Sim-
ilarly, combined treatment with insulin like growth factor
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1 (IGF-1), osteopontin (OPN) and another compound 4-
aminopyridine-3-methanol  (4-APmeOH) significantly
increased CST and 5-HT fiber sprouting and reduced
error rate on a horizontal ladder, but had no effect on
weight supported stepping or toe dragging following a
lateral hemisection [55]. Docosahexaenoic acid (DHA), a
well-known neurite growth enhancer [56], led to
increased axonal sprouting of the CST and 5-H'T path-
ways and was accompanied by improvement in a pellet
reach task following a cervical hemisection [57]. How-
ever, no significant lasting improvement in locomotor
function was observed. Lastly, epothilone B, a neuron
targeting microtubule stabilizing drug, increased axonal
regeneration and led to improved gait regularity and
stride length and reduced footfall errors following a mild
contusion injury in rats [58°]. The inclusion of a contusion
injury in the latter study is of notice as none of the other
studies above used the more clinically relevant contusion
injury model. All of these studies reported extensive
axonal sprouting with their manipulations but limited
sensorimotor recovery. Importantly, none of those studies
introduced a rehabilitative strategy.

Combining rehabilitation with plasticity enhancing treat-
ments is vital if meaningful behavioral recovery is to be
achieved. Unfortunately, relatively few groups have done
so previously, but such studies have been increasing in
numbers more recently (Table 1). Recovery in a reaching
task was only significant following a C4 lesion when a
CST-specific protein kinase A inhibitor was combined
with reaching training [59]. Similarly, either an antibody
against or a motor cortex-specific knockout of the repul-
sive Wnt receptor RyK increased CST sprouting follow-
ing a cervical dorsal column lesion in a mouse [60°°
]. However, cortical reorganization and motor improve-
ments in a reaching task were only seen if animals were
given weekly reaching testing, which repeatedly exposed
the animals to the task producing a training effect in the
long term. Rehabilitative reaching training was also found
to be vital with increased reaching accuracy and increased
CST sprouting observed when reaching training was
combined with a mild inflammatory lipopolysaccharide
following a dorsal column lesion [61°°]. Lastly, DHA and
reaching training were found to have a synergistic effect
on CST and 5-H'T fibers sprouting, as well as on reaching
task, but not grid walk recovery following a C5 lateral
hemisection in a rat [62°°]. Similar to the anti-Nogo-A
antibody and ChABC studies combined with rehabilita-
tion, these studies clearly demonstrate the synergistic
effect of rehabilitation with axonal sprouting interven-
tions. It is also clear that further investigation on task
specificity of training is necessary as there is not always a
positive transfer of the practiced task onto other behav-
ioral outcomes, and in some cases there is even negative
transfer [24,63]. At present rehabilitation is routinely
delivered as part of treatment for SCI; therefore, further
research into combining plasticity enhancing treatments

Table 1

Studies combining plasticity enhancing interventions with rehabilitation

Results

Training

Treatment

Injury

Animal
Rat

Study

Increased locomotor recovery, improved stepping kinematics

Treadmill training with body
weight support (BWS)

Anti-Nogo-A antibody 11C7
Reach training

T9 T-lesion

Chen et al. [29]

Increased single pellet reaching scores

PKA inhibitor

C4 dorso-lateral

Rat

Wei et al. [59]

quadrant lesion
Mouse Cervical dorsal column

Increased single pellet reaching scores

Weekly reach testing

RyK knockout

Hollis et al. [60°°]

lesion

Increased single pellet reach and grasp scores

Reach training

Lipopolysaccharide

C4 dorso-lateral

Rat

Torres-Espin et al. [61°°]

quadrant lesion

Increased reaching success, no change in grid walk recovery

Increased open field locomotor recovery

Reach training

C5 lateral hemisection DHA

Rat

Liu et al. [62°]

Neural stem cell (NSC) implant Treadmill training with BWS

Mouse Chronic T9 70 kdyn

Tashiro et al. [71°°]

contusion

Improved performance on horizontal ladder and narrowing
Increased rotarod scores, fewer errors on horizontal ladder

Increased locomotor recovery and stair-climb performance
beam

Increased locomotor recovery. Reduced grid walk errors.

Improved stepping kinematics
Increase in weight supported steps

Fewer errors on horizontal ladder
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with rehabilitative therapy is vital for positive transla-
tional results.

Stem cells

Research into stem cell treatments for SCl is a fast evolving
field which has expanded greatly in the past 10 years,
recently reviewed by Assinck eza/. [64]. Work by Tuszynski
and others have demonstrated significant axonal sprouting
and synaptic plasticity and in some cases leading to behav-
ioral recovery. Lu ¢z a/. [65] demonstrated that combinato-
rial therapies using fibrin matrices and cocktails of growth
factors along with neural stem cell (NSC) transplantation
have been shown to increase axonal growth and lead to
recovery of hindlimb movement following a complete
thoracic transection. Using a similar protocol, multipotent
NSCs have also been shown to cause CST regeneration
following a complete transection. In the same study
improvements in a reaching task following a cervical
CST lesion were observed [66]. Other types of stem cells
have also demonstrated efficacy. Intravenous injection of
mesenchymal stem cells has led to open field locomotor
recovery and sprouting of the CST and 5-H'T fibers follow-
ing a moderate contusion injury [67]. Similarly, combina-
torial NSC therapies have also shown behavioral improve-
ments including combining: a tumor necrosis factor alpha
antagonist [68], chondroitinase ABC with various growth
factors [69], and histone deacetylase inhibitor [70]. How-
ever, a common observation from most of these and previ-
ous studies is the significant but modest changes in func-
tional recovery, such as 2-3 more pellets reached or ability
to move three joints in the hindlimb extensively in open
field but not weight support, and so on. Nonetheless, these
observations strongly suggest that a window of opportunity
is opened by such interventions to modify sensorimotor
circuits.

Combination of NSCs and rehabilitative therapies have
rarely been used in SCI studies so far. One recent study
found open field locomotor improvements only in those
mice receiving both treadmill training and NSC trans-
plantation following a thoracic SCI [71°°]. While this
study shows some promising results, the behavioral
improvements seen although significant, were still mod-
est, and more work is needed to achieve fuller recovery.
T'readmill training in rats receiving acute NSC transplan-
tation has also been found to increase NSC survival, 5-HT
fibers sprouting, and significant locomotor recovery com-
pared to NSC treatment alone [72°]. There is a wide field
of research using NSCs for SCI treatment, however much
more work is needed to understand their mechanisms of
action, how to combine them with rehabilitation, and
whether the secretion of growth factors, increased direct
or indirect connections, increased myelination or some
other mechanisms is leading to the results seen. Under-
lining our lack of knowledge regarding cell transplanta-
tion is a study using olfactory ensheathing glia (OEG)
following SCI. When OEG implantation was combined

with training, axonal reorganization and initial improve-
ments in plantar stepping were seen; however, retransec-
tion of the OEG implanted spinal cord after training
resulted in increased locomotor performance [20]. The
stem cell and SCI field are growing exponentially, how-
ever, confound including animals self-training in cages,
and the unknown mechanisms for many of the treatments
has led to a paucity of combinatorial treatments which
include rehabilitation.

Other treatments

There is some spontancous axonal regeneration and
recovery following SCI. In rodent models after incom-
plete injury, habitual cage movements (self-training) are
critical for functional recovery [73]. Recently some of
these changes have been studied using previously
unavailable chemogenetic silencing techniques. Spared
dorsolateral CST sprouting [74], reticulospinal sprouting
onto propriospinal neurons [75,76], and a new rubro-raphe
pathway [77] have all been implicated in motor recovery
following incomplete SCI. Some of the studies below
attempt to tap into existing or spared circuitry in order to
overcome behavioral deficits, either via changes in local
spinal or in supraspinal connectivity.

An example of changing excitability of local spinal cir-
cuitry is spinal stimulation (direct or indirect) which is
often combined with training to increase plasticity and
result in step kinematics improvements [78,79]. A recent
study combining epidural stimulation and 5-HT agonist
treatment along with locomotor training was shown to
increase locomotor recovery and movement following a
severe contusion injury [80]. This recovery was shown to
be mediated by a cortico-reticulo-spinal pathway which
only appeared following combinatorial treatment. Simi-
larly, electromagnetic spinal stimulation and/or N'T-3
treatment were only found to improve grid and beam
walking accuracy when combined with exercise training
following a thoracic contusion [23]. These neuromodula-
tion interventions have received considerable interest
and recent results from human experiments have demon-
strated their vast potential to recover standing, stepping
and voluntary control of movement even after clinically
complete lesions [81-85].

5-H'T agonists have also been demonstrated to engage
spinal circuitry following severe lesions. A recent study
combined 5-HT treatment along with passive cycling,
and treadmill training demonstrating increased cortical
reorganization leading to an increase in open field loco-
motor function and increased weight supported steps
following a complete thoracic transection in a rat [86].
Increased cortical reorganization was seen in the above
combinatorial therapy and loss of this reorganization led
to elimination of the locomotor recovery previously
observed. These results certainly demonstrate positive
changes in circuitry, but the fact that behavioral tests were
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only completed after administration of 5-HT agonists
confounds clear interpretations of these findings. None-
theless, the key role played by rehabilitation in such
combinatorial interventions is clearly demonstrated.
Another very clear example of the need for rehabilitative
therapies was observed using acute intermittent hypoxia
(AIH) in a unilateral cervical CS'T lesion in a rat [87]. AIH
only improved horizontal ladder performance if combined
with task-specific ladder training.

One interesting study used a chloride potassium sympor-
ter (KCC2) agonist to inhibit inhibitory interneurons and,
therefore, allow new relay pathways to be active; these
new pathways led to an increase in open field locomotor
scores and some plantar stepping following a staggered
lesion [88]. Other research on KCC2 has implicated a
reduction in this membrane transporter as driving

Figure 1

maladaptive nociceptive plasticity [89] and development
of spasticity [10] following SCI.

Other treatments to induce axonal growth after SCI with
accompanying motor recovery include epigenetic modu-
lation using histone deacetylase inhibitors [90] demon-
strating modest (1 point in BMS scale or beam walk)
behavioral recovery [91], axonal growth [92], or anti-
inflammatory actions [93]. Further anti-inflammatory tar-
gets include IL.-4 and I1.-10 as increasing these cytokines
leads to some behavioral improvements following SCI
[94,95]. Self-training or ‘spontancous recovery’ induce
some compensatory sprouting and rerouting of connec-
tions. It remains to be determined whether targeted
rehabilitation and electrical, chemical, or physiological
stimulation could further enhance this compensation
leading to fuller recovery.

[ Spinal Cord Injury ]

Enhancing Growth
Eactors

BDNF NT-3
IGF, etc.

Blocking inhibitors

Modality
Locomotor training
Swimming
Reaching, etc.

Timin

NogoA  OMGp
MAG CSPGs

Dysfunction

Acute
Delayed

snoauejuodg

Plasticity Enhancing
Therapies

Cell Transplantation
Stem Cells,

OEG, Schwann
Cells, etc.

Neuromodulation
Epidural Stimulation
Transcutaneous
Stimulation,
etc.

Modifying
Transcription Factors
Soxll
PTEN, etc.

Rehabilitation

Specificity

General
Specific

Volume,
Conditions of
Practice, Feedback,
etc.

Current Opinion in Physiology

Severe spinal cord injuries result in chronic dysfunction and only minor spontaneous recovery. Both plasticity enhancing therapies and
rehabilitation have been shown to facilitate recovery. The combination of the two factors have the greatest potential for functional recovery.
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Final remarks

There has been a great expansion in the amount of
plasticity enhancing interventions used to treat SCI.
The Nogo-A and CSPG fields have both been studied
extensively with still new downstream and related path-
ways being found. These have been combined with
rehabilitation in many different ways with variable results
depending on type and timing of rehabilitation [96]. A
substantial variety of T'Fs, growth factors, and other
plasticity enhancing treatments have been found and
tested in SCI in recent years; however, relatively few
of these have been combined with rehabilitation and of
those even fewer use the more clinically relevant contu-
sion injury model. Stem cell treatments along with growth
factor cocktails and fibrin-based hydrogels are an increas-
ingly studied field. Again, rehabilitative therapy is rarely
used alongside stem cell treatments, but there is great
potential for combinatorial treatments in this field. Other
extensively studied plasticity enhancing interventions
include spinal and cortical stimulation, acute intermittent
hypoxia, HDAC inhibitors, mild inflammation, and exer-
cise by itself. Many of these have been combined with
task specific-rehabilitation for synergistic effects on plas-
ticity and behavioral recovery.

The evidence so far strongly suggests that in conditions of
enhanced plasticity following lesions to the spinal cord,
rehabilitative interventions should be introduced to pro-
mote recovery of function and avoid development of
maladaptations (Figure 1). Unfortunately, there is very
little evidence as to the specific mechanisms associated
with such processes. We have recently demonstrated that
anti-Nogo-A antibody significantly increases muscle spin-
dle Ia afferents in the spinal cord, but locomotor training
significantly reduces those levels [29]. Modulation of Ia
afferent activity seems to be a critical component for
recovery of locomotor function [97,98] and spasticity
[99]. Clearly, further understanding of such mechanisms
forms vital targets of future studies.

It is important to remember that enhanced plasticity does
not necessarily translate into functional recovery. Mala-
daptations namely development of spasticity, neurogenic
pain, allodynia, detrusor dissynergia, autonomic dysre-
flexia, and so on, have also been reported. Unfortunately,
such effects are rarely reported although some studies
have addressed a few of these issues directly. Recovery of
sensorimotor function after SCI will depend greatly on
further understanding circuitry within the spinal cord
controlling movement. L.ocomotor training and exercise
alone have previously been shown to facilitate functional
recovery repeatedly. A recent study showed that volun-
tary wheel running increased CST and 5-H'T fibers
sprouting and led to improvements on the horizontal
ladder and in rotarod tests following a thoracic dorsal
hemisection in a mouse [100°]. Investigations enhancing
axonal sprouting/regeneration fail to determine which

connections, if any, are reestablished. At this stage indis-
criminate sprouting of CST or 5-H'T fibers are correlated
with functional motor recovery. However, it remains to be
determined how exactly the interplay among afferent,
descending, and spinal interneuronal networks are best
manipulated to achieve functional recovery.

Conflict of interest statement
Nothing declared.

Acknowledgements
We would like to thank the financial support of the International Spinal
Research Trust (STR118) and Wings for Life (WFL-UK-007/15).

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1.  Thuret S, Moon LD, Gage FH: Therapeutic interventions after
spinal cord injury. Nat Rev Neurosci 2006, 7:628-643 http://dx.
doi.org/10.1038/nrn1955.

2. Detloff MR, Smith EJ, Quiros Molina D, Ganzer PD, Houle JD:
Acute exercise prevents the development of neuropathic pain
and the sprouting of non-peptidergic (GDNF- and artemin-
responsive) c-fibers after spinal cord injury. Exp Neurol 2014,
255:38-48 http://dx.doi.org/10.1016/j.expneurol.2014.02.013.

3. Ying Z, Roy RR, Edgerton VR, Gomez-Pinilla F: Exercise restores
levels of neurotrophins and synaptic plasticity following spinal
cord injury. Exp Neurol 2005, 193:411-419 http://dx.doi.org/
10.1016/j.expneurol.2005.01.015.

4. Cote MP, Azzam GA, Lemay MA, Zhukareva V, Houle JD: Activity-
dependent increase in neurotrophic factors is associated with
an enhanced modulation of spinal reflexes after spinal cord
injury. J Neurotrauma 2011, 28:299-309 http://dx.doi.org/
10.1089/neu.2010.1594.

5. Hutchinson KJ, Gomez-Pinilla F, Crowe MJ, Ying Z, Basso DM:
Three exercise paradigms differentially improve sensory
recovery after spinal cord contusion in rats. Brain 2004,
127:1403-1414 http://dx.doi.org/10.1093/brain/awh160.

6. Ichiyama RM, Broman J, Edgerton VR, Havton LA: Ultrastructural
synaptic features differ between alpha- and gamma-
motoneurons innervating the tibialis anterior muscle in the rat.
J Comp Neurol 2006, 499:306-315 http://dx.doi.org/10.1002/
cne.21110.

7. Ichiyama RM et al.: Locomotor training maintains normal
inhibitory influence on both alpha- and gamma-motoneurons
after neonatal spinal cord transection. J Neurosci 2011, 31:26-
33 http://dx.doi.org/10.1523/JNEUROSCI.6433-09.2011.

8. Tillakaratne NJ et al.: Use-dependent modulation of inhibitory
capacity in the feline lumbar spinal cord. J Neurosci 2002,
22:3130-3143 doi: 20026278.

9. Engesser-Cesar C et al.: Wheel running following spinal cord
injury improves locomotor recovery and stimulates
serotonergic fiber growth. Eur J Neurosci 2007, 5:1931-1939
http://dx.doi.org/10.1111/j.1460-9568.2007.05469.x.

10. Boulenguez P et al.: Down-regulation of the potassium-chloride
cotransporter KCC2 contributes to spasticity after spinal cord
injury. Nat Med 2010, 16:302-307 http://dx.doi.org/10.1038/
nm.2107.

11. Ganzer PD, Beringer CR, Shumsky JS, Nwaobasi C, Moxon KA:
Serotonin receptor and dendritic plasticity in the spinal cord
mediated by chronic serotonergic pharmacotherapy
combined with exercise following complete SCI in the adult
rat. Exp Neurol 2018, 304:132-142 http://dx.doi.org/10.1016/j.
expneurol.2018.03.006.

www.sciencedirect.com

Current Opinion in Physiology 2019, 8:152-160


http://dx.doi.org/10.1038/nrn1955
http://dx.doi.org/10.1038/nrn1955
http://dx.doi.org/10.1016/j.expneurol.2014.02.013
http://dx.doi.org/10.1016/j.expneurol.2005.01.015
http://dx.doi.org/10.1016/j.expneurol.2005.01.015
http://dx.doi.org/10.1089/neu.2010.1594
http://dx.doi.org/10.1089/neu.2010.1594
http://dx.doi.org/10.1093/brain/awh160
http://dx.doi.org/10.1002/cne.21110
http://dx.doi.org/10.1002/cne.21110
http://dx.doi.org/10.1523/JNEUROSCI.6433-09.2011
http://refhub.elsevier.com/S2468-8673(19)30026-4/sbref0040
http://refhub.elsevier.com/S2468-8673(19)30026-4/sbref0040
http://refhub.elsevier.com/S2468-8673(19)30026-4/sbref0040
http://dx.doi.org/10.1111/j.1460-9568.2007.05469.x
http://dx.doi.org/10.1038/nm.2107
http://dx.doi.org/10.1038/nm.2107
http://dx.doi.org/10.1016/j.expneurol.2018.03.006
http://dx.doi.org/10.1016/j.expneurol.2018.03.006

158 Motor control systems

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Petruska JC et al.: Changes in motoneuron properties and
synaptic inputs related to step training after spinal cord
transection in rats. J Neurosci 2007, 27:4460-4471 http://dx.doi.
org/10.1523/JNEUROSCI.2302-06.2007.

Button DC et al.: Does elimination of afferent input modify the
changes in rat motoneurone properties that occur following
chronic spinal cord transection? J Physiol 2008, 586:529-544
http://dx.doi.org/10.1113/jphysiol.2007.141499.

Cowan M, Ichiyama RM: In Physical Activity and the Aging Brain.
Edited by Watson Ronald Rnl .. Academic Press; 2017:107-119.

Venkatesh |, Blackmore MG: Selecting optimal combinations of
transcription factors to promote axon regeneration: why
mechanisms matter. Neurosci Lett 2017, 652:64-73 http://dx.doi.
org/10.1016/j.neulet.2016.12.032.

Dell’Anno MT, Strittmatter SM: Rewiring the spinal cord: direct
and indirect strategies. Neurosci Lett 2017, 652:25-34 http://dx.
doi.org/10.1016/j.neulet.2016.12.002.

Ichiyama R, Potuzak M, Balak M, Kalderon N, Edgerton VR:
Enhanced motor function by training in spinal cord contused
rats following radiation therapy. PLoS One 2009, 4:e6862 http://
dx.doi.org/10.1371/journal.pone.0006862.

Kubasak MD et al.: OEG implantation and step training enhance
hindlimb-stepping ability in adult spinal transected rats. Brain
2008, 131:264-276 http://dx.doi.org/10.1093/brain/awm267.

Maier IC et al.: Differential effects of anti-Nogo-A antibody
treatment and treadmill training in rats with incomplete spinal
cord injury. Brain 2009, 132:1426-1440 http://dx.doi.org/10.1093/
brain/awp085.

Takeoka A et al.: Axon regeneration can facilitate or suppress
hindlimb function after olfactory ensheathing glia
transplantation. J Neurosci 2011, 31:4298-4310 http://dx.doi.
org/10.1523/jneurosci.4967-10.2011.

Garrison MK, Yates CC, Reese NB, Skinner RD, Garcia-Rill E:
Wind-up of stretch reflexes as a measure of spasticity in
chronic spinalized rats: the effects of passive exercise and
modafinil. Exp Neurol 2011, 227:104-109 http://dx.doi.org/
10.1016/j.expneurol.2010.09.019.

Sachdeva R, Theisen CC, Ninan V, Twiss JL, Houle JD: Exercise
dependent increase in axon regeneration into peripheral nerve
grafts by propriospinal but not sensory neurons after spinal
cord injury is associated with modulation of regeneration-
associated genes. Exp Neurol 2016, 276:72-82 http://dx.doi.org/
10.1016/j.expneurol.2015.09.004.

Petrosyan HA, Alessi V, Hunanyan AS, Sisto SA, Arvanian VL:
Spinal electro-magnetic stimulation combined with transgene
delivery of neurotrophin NT-3 and exercise: novel combination
therapy for spinal contusion injury. J Neurophys 2015,
114:2923-2940 http://dx.doi.org/10.1152/jn.00480.2015.

Garcia-Alias G, Barkhuysen S, Buckle M, Fawcett JW:
Chondroitinase ABC treatment opens a window of opportunity
for task-specific rehabilitation. Nat Neurosci 2009, 12:1145-
1151 http://dx.doi.org/10.1038/nn.2377.

Zorner B, Schwab ME: Anti-Nogo on the go: from animal
models to a clinical trial. Ann N Y Acad Sci 2010, 1198(Suppl. 1):
E22-E34 http://dx.doi.org/10.1111/j.1749-6632.2010.05566.x.

Freund P et al.: Anti-Nogo-A antibody treatment promotes
recovery of manual dexterity after unilateral cervical lesion in
adult primates —re-examination and extension of behavioral
data. Eur J Neurosci 2009, 29:983-996 http://dx.doi.org/10.1111/
j.1460-9568.2009.06642.x.

Gonzenbach RR et al.: Delayed anti-Nogo-A antibody
application after spinal cord injury shows progressive loss of
responsiveness. J Neurotrauma 2012, 29:567-578 http://dx.doi.
org/10.1089/neu.2011.1752.

Cafferty WBJ, Duffy P, Huebner E, Strittmatter SM: MAG and
OMgp synergize with Nogo-A to restrict axonal growth and
neurological recovery after spinal cord trauma. J Neurosci
2010, 30:6825-6837 http://dx.doi.org/10.1523/jneurosci.6239-
09.2010.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Chen K et al.: Sequential therapy of anti-Nogo-A antibody
treatment and treadmill training leads to cumulative
improvements after spinal cord injury in rats. Exp Neurol 2017,
292:135-144 http://dx.doi.org/10.1016/j.expneurol.2017.03.012.

Wahl AS et al.: Neuronal repair. Asynchronous therapy restores
motor control by rewiring of the rat corticospinal tract after
stroke. Science 2014, 344:1250-1255 http://dx.doi.org/10.1126/
science.1253050.

Lord-Fontaine S et al.: Local inhibition of Rho signaling by cell-
permeable recombinant protein BA-210 prevents secondary
damage and promotes functional recovery following acute
spinal cord injury. J Neurotrauma 2008, 25:1309-1322 http://dx.
doi.org/10.1089/neu.2008.0613.

Fehlings MG et al.: Rho inhibitor VX-210 in acute traumatic
subaxial cervical spinal cord injury: design of the SPinal Cord
Injury Rho INhibition InvestiGation (SPRING) clinical trial. J
Neurotrauma 2018, 35:1049-1056 http://dx.doi.org/10.1089/
neu.2017.5434.

Kopp MA et al.: SCISSOR—Spinal Cord Injury Study on Small
molecule-derived Rho inhibition: a clinical study protocol.
BMJ Open 2016, 6 http://dx.doi.org/10.1136/bmjopen-2015-
010651.

Fink KL, Lopez-Giraldez F, Kim IJ, Strittmatter SM, Cafferty WBJ:
Identification of intrinsic axon growth modulators for intact
CNS neurons after injury. Cell Rep 2017, 18:2687-2701 http://dx.
doi.org/10.1016/j.celrep.2017.02.058.

Sekine Y, Siegel CS, Sekine-Konno T, Cafferty WBJ,
Strittmatter SM: The nociceptin receptor inhibits axonal
regeneration and recovery from spinal cord injury. Sci Signal
2018, 11 http://dx.doi.org/10.1126/scisignal.aao4180.

Bradbury EJ et al.: Chondroitinase ABC promotes functional
recovery after spinal cord injury. Nature 2002, 416:636-640
http://dx.doi.org/10.1038/416636a.

Caggiano AO, Zimber MP, Ganguly A, Blight AR, Gruskin EA:
Chondroitinase ABCI improves locomotion and bladder
function following contusion injury of the rat spinal cord. J
Neurotrauma 2005, 22:226-239 http://dx.doi.org/10.1089/
neu.2005.22.226.

Tester NJ, Howland DR: Chondroitinase ABC improves basic
and skilled locomotion in spinal cord injured cats. Exp Neurol
2008, 209:483-496 http://dx.doi.org/10.1016/j.
expneurol.2007.07.019.

Lee H, McKeon RJ, Bellamkonda RV: Sustained delivery of
thermostabilized chABC enhances axonal sprouting and
functional recovery after spinal cord injury. Proc Nat Acad Sci U
S A 2010, 107:3340-3345 http://dx.doi.org/10.1073/
pnas.0905437106.

Wang D, Ichiyama RM, Zhao R, Andrews MR, Fawcett JW:
Chondroitinase combined with rehabilitation promotes
recovery of forelimb function in rats with chronic spinal cord
injury. J Neurosci 2011, 31:9332-9344 http://dx.doi.org/10.1523/
jneurosci.0983-11.2011.

Zhao RR et al.: Combination treatment with anti-Nogo-A and
chondroitinase ABC is more effective than single treatments
at enhancing functional recovery after spinal cord injury. Eur J
Neurosci 2013, 38:2946-2961 http://dx.doi.org/10.1111/
ejn.12276.

Lang BT et al.: Modulation of the proteoglycan receptor PTPo
promotes recovery after spinal cord injury. Nature 2014,
518:404 http://dx.doi.org/10.1038/nature13974 https://www.
nature.com/articles/nature13974#supplementary-information.

Busch SA, Silver J: The role of extracellular matrix in CNS
regeneration. Curr Opin Neurobiol 2007, 17:120-127 http://dx.
doi.org/10.1016/j.conb.2006.09.004.

Faulkner JR et al.: Reactive astrocytes protect tissue and
preserve function after spinal cord injury. J Neurosci 2004,
24:2143-2155 http://dx.doi.org/10.1523/jneurosci.3547-03.2004.

Anderson MA et al.: Astrocyte scar formation aids central
nervous system axon regeneration. Nature 2016, 532 http://dx.

Current Opinion in Physiology 2019, 8:152-160

www.sciencedirect.com


http://dx.doi.org/10.1523/JNEUROSCI.2302-06.2007
http://dx.doi.org/10.1523/JNEUROSCI.2302-06.2007
http://dx.doi.org/10.1113/jphysiol.2007.141499
http://refhub.elsevier.com/S2468-8673(19)30026-4/sbref0070
http://refhub.elsevier.com/S2468-8673(19)30026-4/sbref0070
http://dx.doi.org/10.1016/j.neulet.2016.12.032
http://dx.doi.org/10.1016/j.neulet.2016.12.032
http://dx.doi.org/10.1016/j.neulet.2016.12.002
http://dx.doi.org/10.1016/j.neulet.2016.12.002
http://dx.doi.org/10.1371/journal.pone.0006862
http://dx.doi.org/10.1371/journal.pone.0006862
http://dx.doi.org/10.1093/brain/awm267
http://dx.doi.org/10.1093/brain/awp085
http://dx.doi.org/10.1093/brain/awp085
http://dx.doi.org/10.1523/jneurosci.4967-10.2011
http://dx.doi.org/10.1523/jneurosci.4967-10.2011
http://dx.doi.org/10.1016/j.expneurol.2010.09.019
http://dx.doi.org/10.1016/j.expneurol.2010.09.019
http://dx.doi.org/10.1016/j.expneurol.2015.09.004
http://dx.doi.org/10.1016/j.expneurol.2015.09.004
http://dx.doi.org/10.1152/jn.00480.2015
http://dx.doi.org/10.1038/nn.2377
http://dx.doi.org/10.1111/j.1749-6632.2010.05566.x
http://dx.doi.org/10.1111/j.1460-9568.2009.06642.x
http://dx.doi.org/10.1111/j.1460-9568.2009.06642.x
http://dx.doi.org/10.1089/neu.2011.1752
http://dx.doi.org/10.1089/neu.2011.1752
http://dx.doi.org/10.1523/jneurosci.6239-09.2010
http://dx.doi.org/10.1523/jneurosci.6239-09.2010
http://dx.doi.org/10.1016/j.expneurol.2017.03.012
http://dx.doi.org/10.1126/science.1253050
http://dx.doi.org/10.1126/science.1253050
http://dx.doi.org/10.1089/neu.2008.0613
http://dx.doi.org/10.1089/neu.2008.0613
http://dx.doi.org/10.1089/neu.2017.5434
http://dx.doi.org/10.1089/neu.2017.5434
http://dx.doi.org/10.1136/bmjopen-2015-010651
http://dx.doi.org/10.1136/bmjopen-2015-010651
http://dx.doi.org/10.1016/j.celrep.2017.02.058
http://dx.doi.org/10.1016/j.celrep.2017.02.058
http://dx.doi.org/10.1126/scisignal.aao4180
http://dx.doi.org/10.1038/416636a
http://dx.doi.org/10.1089/neu.2005.22.226
http://dx.doi.org/10.1089/neu.2005.22.226
http://dx.doi.org/10.1016/j.expneurol.2007.07.019
http://dx.doi.org/10.1016/j.expneurol.2007.07.019
http://dx.doi.org/10.1073/pnas.0905437106
http://dx.doi.org/10.1073/pnas.0905437106
http://dx.doi.org/10.1523/jneurosci.0983-11.2011
http://dx.doi.org/10.1523/jneurosci.0983-11.2011
http://dx.doi.org/10.1111/ejn.12276
http://dx.doi.org/10.1111/ejn.12276
http://dx.doi.org/10.1038/nature13974
https://www.nature.com/articles/nature13974#supplementary-information
https://www.nature.com/articles/nature13974#supplementary-information
http://dx.doi.org/10.1016/j.conb.2006.09.004
http://dx.doi.org/10.1016/j.conb.2006.09.004
http://dx.doi.org/10.1523/jneurosci.3547-03.2004
http://dx.doi.org/10.1038/nature17623

Motor control following spinal cord injuries Dickson, Lall and Ichiyama 159

doi.org/10.1038/nature17623 https://www.nature.com/articles/
nature17623#supplementary-information.

46. Wang Z, Reynolds A, Kirry A, Nienhaus C, Blackmore MG:

ee Overexpression of Sox11 promotes corticospinal tract
regeneration after spinal injury while interfering with
functional recovery. J Neurosci 2015, 35:3139-3145 http://dx.
doi.org/10.1523/jneurosci.2832-14.2015.

Sox11 is a TF found in many regenerating neurons but not the CST.

Overexpression of sox11 in the CST via an AAV increased sprouting and

axonal growth but reduced behavioral outcomes following a pyramidot-

omy or a dorsal transection.

47. Geoffroy CG et al.: Effects of PTEN and Nogo codeletion on

e corticospinal axon sprouting and regeneration in mice. J
Neurosci 2015, 35:6413-6428 http://dx.doi.org/10.1523/
jneurosci.4013-14.2015.

Combined PTEN and NOGO deletion in a T8 dorsal hemisection. No

synergistic effects on axonal sprouting with some increased

axonal regeneration, however no behavioral improvements were

observed.

48. Anderson MA et al.: Required growth facilitators propel axon
regeneration across complete spinal cord injury. Nature 2018,
561:396-400 http://dx.doi.org/10.1038/s41586-018-0467-6.

49. Fagoe ND, Attwell CL, Kouwenhoven D, Verhaagen J, Mason MRJ:
Overexpression of ATF3 or the combination of ATF3, c-Jun,
STAT3 and Smad1 promotes regeneration of the central axon
branch of sensory neurons but without synergistic effects.
Hum Mol Genet 2015, 24:6788-6800 http://dx.doi.org/10.1093/
hmg/ddv383.

50. Jack AS et al.: Cortical electrical stimulation in female rats with
a cervical spinal cord injury to promote axonal outgrowth. J
Neurosci Res 2018, 96:852-862 http://dx.doi.org/10.1002/
jnr.24209.

51. Luo X et al.: Enhanced transcriptional activity and
mitochondrial localization of STAT3 co-induce axon regrowth
in adult central nervous system. Cell Rep 2016, 15:398-410
http://dx.doi.org/10.1016/j.celrep.2016.03.029.

52. Sachdeva R, Theisen CC, Ninan V, Twiss JL, Houlé JD: Exercise
dependent increase in axon regeneration into peripheral nerve
grafts by propriospinal but not sensory neurons after spinal
cord injury is associated with modulation of regeneration-
associated genes. Exp Neurol 2016, 276:72-82 http://dx.doi.org/
10.1016/j.expneurol.2015.09.004.

53. Weishaupt N et al.: Vector-induced NT-3 expression in rats
promotes collateral growth of injured corticospinal tract
axons far rostral to a spinal cord injury. Neuroscience 2014,
272:65-75 http://dx.doi.org/10.1016/j.neuroscience.2014.04.041.

54. Jin D et al.: Restoration of skilled locomotion by sprouting
corticospinal axons induced by co-deletion of PTEN and
SOCS3. Nat Commun 2015, 6:8074 http://dx.doi.org/10.1038/
ncomms9074 https://www.nature.com/articles/
ncomms9074#supplementary-information.

55. LiuY et al.: A sensitized IGF1 treatment restores corticospinal
axon-dependent functions. Neuron 2017, 95:817-833.e814
http://dx.doi.org/10.1016/j.neuron.2017.07.037.

56. Darios F, Davletov B: Omega-3 and omega-6 fatty acids
stimulate cell membrane expansion by acting on syntaxin 3.
Nature 2006, 440:813 http://dx.doi.org/10.1038/nature04598
https://www.nature.com/articles/
nature04598#supplementary-information.

57. LiuZHetal.: A single bolus of docosahexaenoic acid promotes
neuroplastic changes in the innervation of spinal cord
interneurons and motor neurons and improves functional
recovery after spinal cord injury. J Neurosci 2015, 35:12733-
12752 http://dx.doi.org/10.1523/jneurosci.0605-15.2015.

58. Ruschel J et al.: Systemic administration of epothilone B
e promotes axon regeneration after spinal cord injury. Science
2015, 348:347-352 http://dx.doi.org/10.1126/science.aaa2958.

Epothilone B, a neuron targeting microtubule stabilizing drug increased
axonal regeneration and specifically serotonergic sprouting. Fibrotic
scarring was reduced as Epothilone B cause fibrotic growth cones to
collapse while stabilizing neuronal growth cones, there was a reduction in
both CSPGs and dystrophic growth cones following injury and treatment.

Some behavioral improvements such as reduced footfalls in the ladder
test, increased stride length and gait regularity were seen following the
mild (150 kdyn) thoracic contusion injury. The inclusion of a contusion
injury marks it out as very few studies see behavioral improvements using
the more clinically relevant contusion.

59. Wei D et al.: Inhibiting cortical protein kinase A in spinal cord
injured rats enhances efficacy of rehabilitative training. Exp
Neurol 2016, 283:365-374 http://dx.doi.org/10.1016/j.
expneurol.2016.07.001.

60. Hollis li ER et al.: Ryk controls remapping of motor cortex

ee during functional recovery after spinal cord injury. Nat Neurosci
2016, 19:697 http://dx.doi.org/10.1038/nn.4282 https://www.
nature.com/articles/nn.4282#supplementary-information.

WNT receptor Ryk knockout or an antibody against Ryk using C5 dorsal

column lesion increased CST sprouting in the knockout, but no functional

recovery was observed unless the animals were given task-specific

training. Cortical changes occurred where hindlimb areas took over

controlling forelimbs, but this reorganization only happened if trained,

otherwise antibody or knockout did not improve outcomes.

61. Torres-Espin A et al.: Eliciting inflammation enables successful
ee rehabilitative training in chronic spinal cord injury. Brain 2018,
141:1946-1962 http://dx.doi.org/10.1093/brain/awy128.

Mild inflammation induced by lipopolysaccharide combined with training
following a C4 dorsolateral quadrant lesion caused increased CST
sprouting and improved reaching task ability following rehabilitation.
Training increased recovery in a dose-dependent manner with more
training increasing behavioral results.

62. Liu ZH, Yip PK, Priestley JV, Michael-Titus AT: A single dose of
ee docosahexaenoic acid increases the functional recovery
promoted by rehabilitation after cervical spinal cord injury in
the rat. J Neurotrauma 2017, 34:1766-1777 http://dx.doi.org/
10.1089/neu.2016.4556.
DHA and reach training were found to have synergistic effects on CST and
serotonergic sprouting following a C5 lateral hemisection in a rat model.
The combinatorial effects of DHA with training were significantly greater
than either treatment alone, with increased CST and serotonergic sprout-
ing along with improvements in a reaching task.

63. De Leon R, Tamaki H, Hodgson J, Roy R, Edgerton V: Hindlimb
locomotor and postural training modulates glycinergic
inhibition in the spinal cord of the adult spinal cat. J
Neurophysiol 1999, 82:359-369.

64. Assinck P, Duncan GJ, Hilton BJ, Plemel JR, Tetzlaff W: Cell
transplantation therapy for spinal cord injury. Nat Neurosci
2017, 20:637 http://dx.doi.org/10.1038/nn.4541.

65. Lu P et al.: Long-distance growth and connectivity of neural
stem cells after severe spinal cord injury. Cell 2012, 150:1264-
1273 http://dx.doi.org/10.1016/j.cell.2012.08.020.

66. Kadoya K et al.: Spinal cord reconstitution with homologous
neural grafts enables robust corticospinal regeneration. Nat
Med 2016, 22:479 http://dx.doi.org/10.1038/nm.4066 https://
www.nature.com/articles/nm.4066#supplementary-information.

67. Morita T et al.: Intravenous infusion of mesenchymal stem cells
promotes functional recovery in a model of chronic spinal cord
injury. Neuroscience 2016, 335:221-231 http://dx.doi.org/
10.1016/j.neuroscience.2016.08.037.

68. Wang L et al.: Early administration of tumor necrosis factor-
alpha antagonist promotes survival of transplanted neural
stem cells and axon myelination after spinal cord injury in rats.
Brain Res 2014, 1575:87-100 http://dx.doi.org/10.1016/j.
brainres.2014.05.038.

69. Karimi-Abdolrezaee S, Eftekharpour E, Wang J, Schut D,
Fehlings MG: Synergistic effects of transplanted adult neural
stem/progenitor cells, chondroitinase, and growth factors
promote functional repair and plasticity of the chronically
injured spinal cord. J Neurosci 2010, 30:1657-1676 http://dx.doi.
org/10.1523/jneurosci.3111-09.2010.

70. Abematsu M et al.: Neurons derived from transplanted neural
stem cells restore disrupted neuronal circuitry in a mouse
model of spinal cord injury. J Clin Invest 2010, 120:3255-3266
http://dx.doi.org/10.1172/jci42957.

71. Tashiro S et al.: Functional recovery from neural stem/
ee progenitor cell transplantation combined with treadmill

www.sciencedirect.com

Current Opinion in Physiology 2019, 8:152-160


http://dx.doi.org/10.1038/nature17623
https://www.nature.com/articles/nature17623#supplementary-information
https://www.nature.com/articles/nature17623#supplementary-information
http://dx.doi.org/10.1523/jneurosci.2832-14.2015
http://dx.doi.org/10.1523/jneurosci.2832-14.2015
http://dx.doi.org/10.1523/jneurosci.4013-14.2015
http://dx.doi.org/10.1523/jneurosci.4013-14.2015
http://dx.doi.org/10.1038/s41586-018-0467-6
http://dx.doi.org/10.1093/hmg/ddv383
http://dx.doi.org/10.1093/hmg/ddv383
http://dx.doi.org/10.1002/jnr.24209
http://dx.doi.org/10.1002/jnr.24209
http://dx.doi.org/10.1016/j.celrep.2016.03.029
http://dx.doi.org/10.1016/j.expneurol.2015.09.004
http://dx.doi.org/10.1016/j.expneurol.2015.09.004
http://dx.doi.org/10.1016/j.neuroscience.2014.04.041
http://dx.doi.org/10.1038/ncomms9074
http://dx.doi.org/10.1038/ncomms9074
https://www.nature.com/articles/ncomms9074#supplementary-information
https://www.nature.com/articles/ncomms9074#supplementary-information
http://dx.doi.org/10.1016/j.neuron.2017.07.037
http://dx.doi.org/10.1038/nature04598
https://www.nature.com/articles/nature04598#supplementary-information
https://www.nature.com/articles/nature04598#supplementary-information
http://dx.doi.org/10.1523/jneurosci.0605-15.2015
http://dx.doi.org/10.1126/science.aaa2958
http://dx.doi.org/10.1016/j.expneurol.2016.07.001
http://dx.doi.org/10.1016/j.expneurol.2016.07.001
http://dx.doi.org/10.1038/nn.4282
https://www.nature.com/articles/nn.4282#supplementary-information
https://www.nature.com/articles/nn.4282#supplementary-information
http://dx.doi.org/10.1093/brain/awy128
http://dx.doi.org/10.1089/neu.2016.4556
http://dx.doi.org/10.1089/neu.2016.4556
http://refhub.elsevier.com/S2468-8673(19)30026-4/sbref0315
http://refhub.elsevier.com/S2468-8673(19)30026-4/sbref0315
http://refhub.elsevier.com/S2468-8673(19)30026-4/sbref0315
http://refhub.elsevier.com/S2468-8673(19)30026-4/sbref0315
http://dx.doi.org/10.1038/nn.4541
http://dx.doi.org/10.1016/j.cell.2012.08.020
http://dx.doi.org/10.1038/nm.4066
https://www.nature.com/articles/nm.4066#supplementary-information
https://www.nature.com/articles/nm.4066#supplementary-information
http://dx.doi.org/10.1016/j.neuroscience.2016.08.037
http://dx.doi.org/10.1016/j.neuroscience.2016.08.037
http://dx.doi.org/10.1016/j.brainres.2014.05.038
http://dx.doi.org/10.1016/j.brainres.2014.05.038
http://dx.doi.org/10.1523/jneurosci.3111-09.2010
http://dx.doi.org/10.1523/jneurosci.3111-09.2010
http://dx.doi.org/10.1172/jci42957

160 Motor control systems

training in mice with chronic spinal cord injury. Sci Rep 2016,

6:30898 http://dx.doi.org/10.1038/srep30898 https://www.nature.

com/articles/srep30898#supplementary-information.
The combination of training and NSC transplantation caused increased
levels of pGAP43 caudal to the lesion which is specifically found in
regenerating, but not intact, axons. Combinatorial treatment also
increased Synapsin-1 and Vglut-1 boutons and increased the number
of Gad65+ cells which provide some of the inhibitory control needed for
central pattern generator function. Motor evoked potential (MEP) ampli-
tude and duration were increased and MEP latency was decreased most
in the combinatorial treatments.

72. Hwang DH et al.: Survival of neural stem cell grafts in the

. lesioned spinal cord is enhanced by a combination of treadmill
locomotor training via insulin-like growth factor-1 signaling. J
Neurosci 2014, 34:12788-12800 http://dx.doi.org/10.1523/
jneurosci.5359-13.2014.

Treadmill training in rats receiving acute NSC transplantation one week

after a moderate to severe thoracic contusion injury. An increase in NSC

survival, serotonergic sprouting, and behavioral outcomes were observed

when treadmill training was combined with NSC implantation compared

to either training or NSC treatment alone.

73. Caudle KL et al.: Hindlimb immobilization in a wheelchair alters
functional recovery following contusive spinal cord injury in
the adult rat. Neurorehabil Neural Repair 2011, 25:729-739 http://
dx.doi.org/10.1177/1545968311407519.

74. Hilton BJ et al.: Re-establishment of cortical motor output
maps and spontaneous functional recovery via spared
dorsolaterally projecting corticospinal neurons after dorsal
column spinal cord injury in adult mice. J Neurosci 2016,
36:4080-4092 http://dx.doi.org/10.1523/jneurosci.3386-15.2016.

75. Filli L et al.: Bridging the gap: a reticulo-propriospinal detour
bypassing an incomplete spinal cord injury. J Neurosci 2014,
34:13399-13410 http://dx.doi.org/10.1523/jneurosci.0701-
14.2014.

76. May Z et al.: Following spinal cord injury transected
reticulospinal tract axons develop new collateral inputs to
spinal interneurons in parallel with locomotor recovery. Neural
Plast 2017, 2017.

77. Siegel CS, Fink KL, Strittmatter SM, Cafferty WBJ: Plasticity of
intact rubral projections mediates spontaneous recovery of
function after corticospinal tract injury. J Neurosci 2015,
35:1443-1457 http://dx.doi.org/10.1523/jneurosci.3713-14.2015.

78. Courtine G et al.: Transformation of nonfunctional spinal
circuits into functional states after the loss of brain input. Nat
Neurosci 2009, 12:1333-1342 http://dx.doi.org/10.1038/nn.2401.

79. Ichiyama RM et al.: Step training reinforces specific spinal
locomotor circuitry in adult spinal rats. J Neurosci 2008,
28:7370-7375 http://dx.doi.org/10.1523/JNEUROSCI.1881-
08.2008.

80. Asboth L et al.: Cortico-reticulo-spinal circuit reorganization
enables functional recovery after severe spinal cord
contusion. Nat Neurosci 2018, 21:576-588 http://dx.doi.org/
10.1038/s41593-018-0093-5.

81. Angeli CA et al.: Recovery of over-ground walking after chronic
motor complete spinal cord injury. N Engl J Med 2018,
379:1244-1250 http://dx.doi.org/10.1056/NEJMoa1803588.

82. Angeli CA, Edgerton VR, Gerasimenko YP, Harkema SJ: Altering
spinal cord excitability enables voluntary movements after
chronic complete paralysis in humans. Brain 2014, 137:1394-
1409 http://dx.doi.org/10.1093/brain/awu038.

83. Harkema S et al.: Effect of epidural stimulation of the
lumbosacral spinal cord on voluntary movement, standing,
and assisted stepping after motor complete paraplegia: a
case study. Lancet 2011, 377:1938-1947 http://dx.doi.org/
10.1016/S0140-6736(11)60547-3.

84. Wagner FB et al.: Targeted neurotechnology restores walking
in humans with spinal cord injury. Nature 2018, 563:65-71 http://
dx.doi.org/10.1038/s41586-018-0649-2.

85. Gill ML et al.: Neuromodulation of lumbosacral spinal networks
enables independent stepping after complete paraplegia. Nat
Med 2018, 24:1677-1682 http://dx.doi.org/10.1038/s41591-018-
0175-7.

86. Manohar A, Foffani G, Ganzer PD, Bethea JR, Moxon KA: Cortex-
dependent recovery of unassisted hindlimb locomotion after
complete spinal cord injury in adult rats. eLife 2017, 6 http://dx.
doi.org/10.7554/eLife.23532.

87. Prosser-Loose EJ, Hassan AS, Mitchell G, Muir GD: Delayed
intervention with intermittent hypoxia and task training
improves forelimb function in a rat model of cervical spinal
injury. J Neurotrauma 2015, 32:1403-1412 http://dx.doi.org/
10.1089/neu.2014.3789.

88. Chen B etal.: Reactivation of dormant relay pathways in injured
spinal cord by KCC2 manipulations. Cell 2018, 174:521-535
http://dx.doi.org/10.1016/j.cell.2018.06.005 e513.

89. Grau JW et al.: When pain hurts: nociceptive stimulation
induces a state of maladaptive plasticity and impairs recovery
after spinal cord injury. J Neurotrauma 2017, 34:1873-1890
http://dx.doi.org/10.1089/neu.2016.4626.

90. Cho'Y, Cavalli V: HDAC signaling in neuronal development and
axon regeneration. Curr Opin Neurobiol 2014, 27:118-126 http://
dx.doi.org/10.1016/j.conb.2014.03.008.

91. Zhang S, Fujita Y, Matsuzaki R, Yamashita T: Class | histone
deacetylase (HDAC) inhibitor CI-994 promotes functional
recovery following spinal cord injury. Cell Death Dis 2018, 9:460
http://dx.doi.org/10.1038/s41419-018-0543-8.

92. Puttagunta R et al.: PCAF-dependent epigenetic changes
promote axonal regeneration in the central nervous system.
Nat Commun 2014, 5:3527 http://dx.doi.org/10.1038/
ncomms4527 https://www.nature.com/articles/
ncomms4527#supplementary-information.

93. Qi X, Wang P: Class lla HDACs inhibitor TMP269 promotes M1
polarization of macrophages after spinal cord injury. J Cell
Biochem 2018, 119:3081-3090 http://dx.doi.org/10.1002/
jcb.26446.

94. Park J et al.: Local immunomodulation with anti-inflammatory
cytokine-encoding lentivirus enhances functional recovery
after spinal cord injury. Mol Ther 2018, 26:1756-1770 http://dx.
doi.org/10.1016/j.ymthe.2018.04.022.

95. Francos-Quijorna I, Amo-Aparicio J, Martinez-Muriana A, Lépez-
Vales R: IL-4 drives microglia and macrophages toward a
phenotype conducive for tissue repair and functional recovery
after spinal cord injury. Glia 2016, 64:2079-2092 http://dx.doi.
org/10.1002/glia.23041.

96. Weishaupt N, Vavrek R, Fouad K: Training following unilateral
cervical spinal cord injury in rats affects the contralesional
forelimb. Neurosci Lett 2013, 539:77-81 http://dx.doi.org/
10.1016/j.neulet.2013.01.043.

97. Lavrov | et al.: Facilitation of stepping with epidural stimulation
in spinal rats: role of sensory input. J Neurosci 2008, 28:7774-
7780 http://dx.doi.org/10.1523/JNEUROSCI.1069-08.2008.

98. Takeoka A, Vollenweider |, Courtine G, Arber S: Muscle spindle
feedback directs locomotor recovery and circuit
reorganization after spinal cord injury. Cell 2014, 159:1626-
1639 http://dx.doi.org/10.1016/j.cell.2014.11.019.

99. Morita H, Crone C, Christenhuis D, Petersen NT, Nielsen JB:
Modulation of presynaptic inhibition and disynaptic reciprocal
la inhibition during voluntary movement in spasticity. Brain
2001, 124:826-837.

100. Loy K et al.: Enhanced voluntary exercise improves functional

. recovery following spinal cord injury by impacting the local
neuroglial injury response and supporting the rewiring of
supraspinal circuits. J Neurotrauma 2018, 35:2904-2915 http://
dx.doi.org/10.1089/neu.2017.5544.

Voluntary wheel running alone led to increased CST and serotonergic

sprouting and enhanced behavioral recovery on the ladder rung and

rotarod tests following a thoracic dorsal hemisection in a mouse.

Current Opinion in Physiology 2019, 8:152-160

www.sciencedirect.com


http://dx.doi.org/10.1038/srep30898
https://www.nature.com/articles/srep30898#supplementary-information
https://www.nature.com/articles/srep30898#supplementary-information
http://dx.doi.org/10.1523/jneurosci.5359-13.2014
http://dx.doi.org/10.1523/jneurosci.5359-13.2014
http://dx.doi.org/10.1177/1545968311407519
http://dx.doi.org/10.1177/1545968311407519
http://dx.doi.org/10.1523/jneurosci.3386-15.2016
http://dx.doi.org/10.1523/jneurosci.0701-14.2014
http://dx.doi.org/10.1523/jneurosci.0701-14.2014
http://refhub.elsevier.com/S2468-8673(19)30026-4/sbref0380
http://refhub.elsevier.com/S2468-8673(19)30026-4/sbref0380
http://refhub.elsevier.com/S2468-8673(19)30026-4/sbref0380
http://refhub.elsevier.com/S2468-8673(19)30026-4/sbref0380
http://dx.doi.org/10.1523/jneurosci.3713-14.2015
http://dx.doi.org/10.1038/nn.2401
http://dx.doi.org/10.1523/JNEUROSCI.1881-08.2008
http://dx.doi.org/10.1523/JNEUROSCI.1881-08.2008
http://dx.doi.org/10.1038/s41593-018-0093-5
http://dx.doi.org/10.1038/s41593-018-0093-5
http://dx.doi.org/10.1056/NEJMoa1803588
http://dx.doi.org/10.1093/brain/awu038
http://dx.doi.org/10.1016/S0140-6736(11)60547-3
http://dx.doi.org/10.1016/S0140-6736(11)60547-3
http://dx.doi.org/10.1038/s41586-018-0649-2
http://dx.doi.org/10.1038/s41586-018-0649-2
http://dx.doi.org/10.1038/s41591-018-0175-7
http://dx.doi.org/10.1038/s41591-018-0175-7
http://dx.doi.org/10.7554/eLife.23532
http://dx.doi.org/10.7554/eLife.23532
http://dx.doi.org/10.1089/neu.2014.3789
http://dx.doi.org/10.1089/neu.2014.3789
http://dx.doi.org/10.1016/j.cell.2018.06.005
http://dx.doi.org/10.1089/neu.2016.4626
http://dx.doi.org/10.1016/j.conb.2014.03.008
http://dx.doi.org/10.1016/j.conb.2014.03.008
http://dx.doi.org/10.1038/s41419-018-0543-8
http://dx.doi.org/10.1038/ncomms4527
http://dx.doi.org/10.1038/ncomms4527
https://www.nature.com/articles/ncomms4527#supplementary-information
https://www.nature.com/articles/ncomms4527#supplementary-information
http://dx.doi.org/10.1002/jcb.26446
http://dx.doi.org/10.1002/jcb.26446
http://dx.doi.org/10.1016/j.ymthe.2018.04.022
http://dx.doi.org/10.1016/j.ymthe.2018.04.022
http://dx.doi.org/10.1002/glia.23041
http://dx.doi.org/10.1002/glia.23041
http://dx.doi.org/10.1016/j.neulet.2013.01.043
http://dx.doi.org/10.1016/j.neulet.2013.01.043
http://dx.doi.org/10.1523/JNEUROSCI.1069-08.2008
http://dx.doi.org/10.1016/j.cell.2014.11.019
http://refhub.elsevier.com/S2468-8673(19)30026-4/sbref0495
http://refhub.elsevier.com/S2468-8673(19)30026-4/sbref0495
http://refhub.elsevier.com/S2468-8673(19)30026-4/sbref0495
http://refhub.elsevier.com/S2468-8673(19)30026-4/sbref0495
http://dx.doi.org/10.1089/neu.2017.5544
http://dx.doi.org/10.1089/neu.2017.5544

	Enhancing plasticity in spinal sensorimotor circuits following injuries to facilitate recovery of motor control
	Introduction
	Inhibitors of axonal growth
	Transcription factors and growth promotors
	Stem cells
	Other treatments
	Final remarks
	Conflict of interest statement
	References and recommended reading
	Acknowledgements




