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Abstract
Current dogma is that meaningful recovery of function after spinal cord injury (SCI) likely will
require a combination of therapeutic interventions comprised of regenerative/neuroprotective
transplants, addition of neurotrophic factors, elimination of inhibitory molecules, functional
sensorimotor training, and/or stimulation of paralyzed muscles or spinal circuits. We routinely
use: (1) peripheral nerve grafts to support and direct axonal regeneration across an incomplete
cervical or a complete thoracic transection injury, (2) matrix modulation with chondroitinase
(ChABC) to facilitate axonal extension beyond the distal graft-spinal cord interface and (3)
exercise, such as forced wheel walking, bicycling or step training on a treadmill. We (and others)
have demonstrated an increase in spinal cord levels of endogenous neurotrophic factors with
exercise, which may be useful in facilitating elongation and/or synaptic activity of regenerating
axons and plasticity of spinal neurons below the level of injury
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Introduction
Spinal cord injury (SCI) initiates a progressive state of degeneration, with structural,
biochemical and physiological changes occurring over weeks to months post injury.
Secondary responses to the initial trauma include inflammation, excitotoxicity, apoptosis of
neurons and glia, axon retraction, glial scarring, demyelination and exposure of myelin-
associated inhibitory molecules, changes in electrophysiological properties of neurons, and
aberrant sprouting/plasticity of spared nerve fibers.1–4 When viewed on a whole, clinicians
and researchers are faced with multiple changes ranging from molecular to gross anatomical
disturbances that need to be addressed, while having the knowledge that no single treatment
approach to date has been effective in promoting recovery of volitional movement. Different
therapeutic strategies have in the past focused on a single aspect of the injury response, be it
neuroprotection, neuroregeneration or neurorehabilitation. In contrast, many recent studies
indicate that a greater effect may be realized when a combination of interventions is
implemented. In this truncated review we describe the need to balance the effort to promote
recovery through use of neural tissue transplantation with the attempt to diminish growth
inhibitory factors such as chondroitin sulfate proteoglycans that prevent regeneration of
axons, while incorporating exercise as a treatment strategy to help shape cell and molecular
plasticity distal to an injury site. With ongoing research we will establish whether exercise
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has beneficial effects on the regenerative efforts of neurons directly injured by trauma to the
spinal cord.

Results
Spinal cord injury and transplantation models

One approach used to promote the regeneration and integration of injured axons across a
spinal cord lesion is neural tissue transplantation, where the intent is to provide a substrate
that will support and guide axons towards a specified target. Much has been written about
the sources of these tissues, with strong evidence of axonal growth into and through
transplants of embryonic neural tissue, Schwann cells, segments of peripheral nerve,
genetically modified fibroblasts and stem cells.5–9 Other reports suggest that biomaterial
scaffolds effectively maintain continuity between injured surfaces of the spinal cord to
facilitate axon growth.10–12 It is important to recognize that most of these transplant
approaches have been applied to multiple forms of SCI, including hemisection and complete
transection aspirations, penetrating knife cuts and contusion injuries. Survival and
integration of the transplant in a variety of injury situations suggests that an injury model
can be chosen to address a specific set of questions rather than having the need to mimic a
human injury condition. This provides for greater variability of research design in which to
collect a broad range of information about transplant survival, support of axonal growth,
integration with host tissues, the possibility of immunorejection etc.

There has been considerable success with the use of peripheral nerve grafts (PNGs),
following the groundbreaking demonstration by Aguayo and colleagues of axon
regeneration by adult mammalian neurons.13–14 There are several advantages to the use of
PNGs for promoting axon regeneration and these are highlighted in a recent review.15

Briefly, it is possible to direct growing axons towards a specific target, which in our case is
the intermediate gray of spinal cord distal to an injury; the target site can be treated to make
it either more attractive or less inhibitory for the extension of axons beyond the distal end of
the PNG; the PNG contains a pure population of regenerating axons that provides a valuable
resource for the assessment of molecular signaling during regrowth; axons coursing through
the PNG and the path of axonal outgrowth from the PNG can be mapped out by application
of tracer compounds directly to the PNG; behavioral recovery due to regenerated axons can
be evaluated by cutting the PNG and determining subsequently if there is a loss of functional
activity. Several of these features are highlighted in Figure 1A. The basic techniques of
creating a lesion cavity, of transplanting a PNG to form a bridge across the lesion, and
intraspinal microinjection of matrix-modifying enzymes are available (see Ref. 16).

Over the last 25 years we and others have used PNGs to define the regenerative effort of
supraspinal and propriospinal neurons after a variety of spinal cord injuries. From this body
of work we know that acute and chronically injured neurons exhibit the capacity for
regeneration when provided with an appropriate substrate and that these newly growing
axons processes will extend to the distal end of the PNG.17,18 Both descending motor axons
and ascending sensory axons exhibit a pattern of linear growth within the graft (Fig. 1B) and
axons of small to large caliber were well myelinated (Fig. 1C). We have observed similar
results when grafting into spinal cord injured adult rats or adult cats.19, 20 After treatment
with Chondroitinase to degrade chondroitin sulfate proteoglycans of the glial scar it is
observed that approximately 10–15% of the axons in the PNG extend beyond the distal graft
to integrate with adjacent spinal neurons17. These axons do not extend very far from the
PNG (<1 mm) but many form synaptic contacts with spinal neurons and the observed
increase in cFos protein in spinal cord neurons after electrical stimulation of the PNG is
indicative of the formation of functional synapses between regenerated axons and their
target. Functional recovery due to synaptic connections made by axons growing into and out
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of the grafts is directly tested by evaluating kinematic data, EMG activity and recording of
spinal cord field potentials after electrical stimulation of the PNG.20–25

On the positive side it is encouraging that there is a robust regenerative response after a
traumatic spinal cord injury. After a cervical level injury we have traced axonal growth into
PNGs by all major descending spinal pathways except the corticospinal tract.26 After a
lower thoracic injury significant regeneration by thoracic propriospinal neurons was
observed but few supraspinal neurons responded to an injury at this distant level by
regenerating their axon.27 Ascending sensory fibers exhibit a strong regenerative effort
without regard to the level of injury as dorsal root ganglion neurons (both small and large
neurons) and thoracic propriospinal neurons have been identified as sources of axons
regenerating into a PNG that was apposed to the caudal surface of the injury site. In adult
rats the mean number of myelinated axons within PNGs is about 1200 regardless of whether
they arise from descending or ascending spinal pathways. In adult cats we have observed
more than 2400 myelinated axons in our grafts, which likely reflects the larger diameter of
the nerve used for grafting and the ability to have room for more axonal ingrowth. Despite
demonstrating anatomical and behavioral recovery by axons extending across a lesion, the
overall benefit of Chondroitinase treatment is not very compelling as the majority of axons
remain in the transplant (no matter what the tissue source) with only a small number
reaching target areas and there is no convincing evidence of restoration of volitional control
of movement. It is our mission to develop better strategies to encourage outgrowth by a
greater percentage of those axons that have regenerated into a PNG, with the rationale that
greater axonal integration with spinal cord neurons will result in greater functional
reorganization.

Exercise promotes neural plasticity
The capacity for CNS reorganization28, 29 is a well known property that may underlie many
examples of functional recovery.30 SCI leads to rapid changes in motoneuron (MN) activity
patterns because of the interruption of descending supraspinal and propriospinal pathways.
Removal of descending presynaptic inhibition of group Ia axons may contribute to the
decrease in reflex threshold and loss of habituation by MNs.31–33 Changes in reflex circuitry
properties likely underlie the progressive development of a hyper-reflexive state that
eventually leads to spasticity. After SCI, the H-reflex exhibits lower negative modulation
with increasing stimulation frequency as compared to intact animals; whereas in exercised
animals there is a restoration of frequency dependent depression as a measure of H-reflex
excitability34 and prevention of atrophy of hind limb muscles.35 Thus a component of the
attenuating effects of SCI on motor systems with passive exercise may reside in the spinal
cord and may include the afferent connections to MNs or the properties of the MNs
themselves. In collaboration with Phil Gardiner36, rats with a complete lower thoracic
transection injury that received cycling exercise demonstrated retention of MN resting
membrane potential and spike trigger level compared to unexercised animals, consistent
with influences on ion conductance’s at or near the initial segment. This study supports
therapeutic roles for exercise as a means to slow the deleterious responses of MNs to SCI
and the ability of exercise to support structural and physiological plasticity in components of
neuromuscular junctions associated with motoneurons located below the level of injury.

The lumbosacral spinal cord apparently can learn several tasks where specific supraspinal
and sensory information associated with movement influence and shape the activity of
spinal networks. Even after complete transection injuries, cats can be trained to stand and to
step on a treadmill.37 They are capable of adjusting the movement to change in speed or
weight support and relearn a task after an interruption or change in training type.38–41

Sensory feedback is critical to coordinate limb function in spinalized cats during treadmill
training suggesting that spinal pathways can integrate dynamic sensory inputs provided by
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repetitive activation to shape motor output.42, 43 We have been applying training procedures
to SCI rats44, 45 (Fig. 2) and preventing afferent feedback to drive spinal networks during
exercise through either T12–S2 dorsal rhizotomy or pyridoxine toxicity46. Either of these
approaches prevented rate dependent reflex modulation and there was no exercise related
increase in brain derived neurotrophic factor (BDNF) mRNA (Fig. 3) indicating that input
arising from large diameter proprioceptors is required to realize the beneficial effects of
exercise after SCI.

Change in neurotrophic factor levels with exercise
Neurotrophic factors (NTFs) are a class of polypeptide growth factors that promote neuron
survival, modulate neuronal function, and enhance plasticity. For example, BDNF47–50 and
neurotrophin-3 (NT3)51, 52 have been shown to enhance survival of damaged neurons and to
contribute to recovery of function following injury. With regard to SCI, exogenous NTFs
rescue neurons after injury53, 54 and in combination with a neural tissue transplant promote
the regenerative effort of acute and chronically injured neurons.6, 49, 55–57 Our studies with
PNGs have demonstrated that exogenous delivery of several NTFs, such as BDNF, glial cell
line-derived neurotrophic factor (GDNF), or NT3, significantly increases the number of
chronically injured neurons that regenerate an axon into the PNG.17, 49, 58

There is also evidence that neurotrophic factors play a role in maintaining and promoting
function at the peripheral neuromuscular junction (NMJ). Indeed, recent studies demonstrate
that NMJs in hindlimb muscles innervated by MNs caudal to spinal lesions are not stable but
extensively disassembled resulting in substantial loss of nerve-muscle connectivity as early
as 2 weeks after SCI,59 where vulnerable NMJs lose synaptic organization by either
excessive sprouting of their nerve terminals or failing to maintain muscle acetylcholine
receptors (AChRs). On the other hand, cycling exercise that increased neuromuscular
activity in muscles caudal to a complete transection suppressed sprouting and enhanced
receptor maintenance, thereby stabilizing synaptic connectivity in hind limb muscles.

Exercise and subsequent activation of neural networks influences transcription of
neurotrophic factors both centrally and peripherally in skeletal muscle. In the developing
CNS, activity stabilizes synapses60 and disuse leads to synaptic elimination (i.e.
pruning).61, 62 In intact adult rats treadmill training increases BDNF and NT3 expression
(protein and mRNA) in both spinal motoneurons and skeletal muscle.63–65 BDNF and NT3
are localized by immunohistochemistry to the ventral horn and NT3 staining also is dense in
the substantia gelatinosa. Elimination of hindlimb EMG activity by complete thoracic and
sacral cord transections and bilateral lumbosacral dorsal rhizotomy (i.e. spinal isolation)66

results in greatly diminished activity and reduced transcription of neurotrophins. Levels of
neurotrophins (BDNF, NT3) and the downstream effector (synapsin I) were significantly
diminished in the lumbar cord. BDNF and NT3 expression also has been shown to be down-
regulated after moderate spinal cord contusion and increased with treadmill training67, cycle
training68 or voluntary locomotion in freely moving running wheels.69

We examined the effects of non-robotic, step training on a treadmill or motorized cycling on
the expression of neurotrophic factors in the spinal cord45. Each of these exercise paradigms
led to comparable increases in BDNF, NT3, NT4, and GDNF protein levels in the lumbar
enlargement (L4–L6) as well as in upper lumbar (L2–3) and thoracic (T12–L1) regions just
caudal to the lesion site. Interestingly there also was a significant increase in levels of NT3
in the thoracic spinal cord proximal to the level of complete transection injury. The increase
in spinal NTFs and recovery of H-reflex frequency-dependent depression was positively
correlated and required the afferent feedback provided by exercise46 suggesting that
normalization of reflexes in the injured spinal cord is effectively triggered by afferent
activity and local increase in NTFs. Motor recovery after SCI has been linked directly to the
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increase in BDNF levels within the lumbar spinal cord70 and a recent review of BDNF
treatments after SCI71 suggests that exercise is the “safest intervention” to achieve beneficial
effects without some of the undesired effects often seen with exogenous delivery of BDNF
over a prolonged period.

One issue that we and others have faced over the years is whether the effect of exercise is
due to the latest bout or whether it is a cumulative effect over the entire period of exercise.
Also it was not clear how a delay in exercise might affect levels of NTFs in the spinal cord
and recovery of MN reflex activity. To address this we prepared three groups of adult rats
with complete lower thoracic transection injuries. Animals in Group 1 began exercising 5
days after injury for 5 consecutive days. Animals in Group 2 were subjected to only 1 bout
of exercise (on the last day of exercise for Group 1 animals). Animals in Group 3 were
subjected to 5 days of exercise beginning 4 weeks after the transection injury. Western blot
analysis of protein from the lumbar enlargement of these animals indicated that the effect of
exercise on NTF production was indeed cumulative, as there was a significant increase in
BDNF with 5 days of exercise (Group 1) over animals in Group 2 that received only a single
bout of exercise (data not shown). Perhaps of greater importance was the observation of
comparable levels of BDNF in animals of Group 1 and Group 3 indicating the potential for
exercise to increase NTFs with acute or delayed application (Fig. 4A). In these same groups
we determined that there was no significant difference in frequency dependent depression of
the H-reflex when training was provided acutely or after a 4 week delay (Fig. 4B). Whether
this is related to the expression of NTFs with training is not known but these results indicate
a capacity for considerable neuroplasticity remains long after the initial injury to the spinal
cord.

Cell and molecular changes with exercise
Downstream effectors of BDNF including TrkB, synapsin I, and CREB also increase with
exercise and are conversely diminished by botulinum induced paralysis.64 The impact on
synapsin is particularly interesting because it is postulated to play an important role in
neurotransmitter release and maintenance of synaptic contacts.72, 73 In a series of studies we
found that exercise after SCI led to a significant increase in the distribution of
immunolabeled synapsin around neurons in the intermediate gray and ventral horn of the
lumbar spinal cord (data not shown). Whether this is indicative of an increase in synaptic
sites per neuron or an increase in the density of synaptic vesicles per synapse is unknown,
but the results clearly demonstrate an effect of exercise. Correlating with this is the
observation of an increase in the number of neurons expressing cFos in dorsal horn and
intermediate gray regions of the lumbar spinal cord following hind limb exercise of
spinalized rats (Fig. 5). An increase in cFos is used as an indication of increased neuronal
activity resulting from synaptic activity74, 75, in this case during exercise. It is not clear if
long term consequences may arise from this transient increase in neuron activity but it is
tempting to put forward the notion that neurons in a heightened state of activity may be an
attractive target for regenerating axons entering the area from a nerve graft. Continuing the
theme of cellular plasticity after exercise we identified an increase in the number of
interneurons expressing phosphorylated-S6 (P-S6) and an increase in dendritic branching
and content of P-S6 by motoneurons after cycling of SCI rats.76 The absence of P-S6
expression in exercised rats concurrently treated with rapamycin is an indication of the role
of mTOR in this example of exercise-dependent plasticity.

In other experiments we examined the expression of microRNAs (miRs) in spinal cord
tissue caudal to a transection injury with or without hindlimb exercise. Significant changes
in response to cycling exercise were identified in genes associated with apoptosis and cell
growth signaling pathways.77 Upregulation of miR21 was associated with decrease in
expression of mRNA for PTEN and PDCD4, which are upstream of caspase expression.
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Also, miR15b was downregulated in association with upregulation of Bcl2 mRNA (another
signaling molecule upstream of caspase expression) and cycling exercise led to a decrease in
protein levels of caspase 7. We also measured changes in miRs that affect expression of
PTEN, AKT, and mTOR and S6 mRNA, which have been recently implicated in axon
regeneration after optic nerve or spinal cord injury.78, 79 The increased expression of miR21
after exercise was associated with a decrease in PTEN message and protein and an increase
in AKT message and protein. A decrease in miR199a-3p with exercise was associated with
an increase in mTOR and S6 message and protein. Thus it is tempting to suggest that
modulation of the PTEN/AKT/mTOR pathway is one mechanism by which exercise might
influence axon growth by neurons affected by SCI.

Summary
Several thousand axons regenerate into PNGs yet only 10–15% of these appear to exit the
graft when inhibitory proteoglycans in the spinal cord are digested prior to apposition of the
distal graft end.17, 19 We have identified functional changes attributable to this relatively
modest axonal outgrowth but it is important to know if the number of axons extending
beyond the graft can be increased and if such an increase would result in more dramatic
functional recovery. Our previous work58 demonstrated that short term delivery of
exogenous NTFs enhanced the regenerative effort of chronically injured neurons and several
recent studies demonstrate that creation of neurotrophic gradients effectively increase axonal
regeneration beyond a transplant of neural precursor cells.80, 81 As a non-invasive treatment
strategy, hind limb exercise of spinalized rats significantly increases the level of NTFs in
spinal cord tissue both proximal and distal to an injury site45, increases the expression of
cFos in dorsal horn and intermediate gray neurons, promotes expression of molecules
involved in regulation of protein synthesis and restores reflex activity of motoneurons
(Table 1). These results advocate that this intervention may be useful for increasing the
growth response of injured neurons, both in acute and chronic injury situations. As a first
step towards enhancing the possibility of reconnection of axons across an injury it is
important to determine if we can increase the number of axons available at the distal end of
the PNG to form new contacts once they re-enter the spinal cord. An increase in the number
of outgrowing axons could result in more synaptic contacts being made with spinal cord
neurons, possibly leading to an enhanced behavioral and/or functional outcome. A key
feature of this work will be to test whether repetitive stimulation of spinal cord circuitry will
be beneficial in attracting axons to areas of the spinal cord affected by exercise. In effect,
exercise may be useful in creating suitable target areas within the spinal cord according to
some of the plasticity observed so far. There remain several fundamental areas of exercise
dependent plasticity to explore and results will influence our views of how to move forward
with combination treatment strategies for functional recovery after SCI.
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Figure 1.
Axon regeneration into peripheral nerve grafts. (A) Diagrammatic representation of a PNG
bridging a spinal cord lesion with a demonstration of axonal growth into and through the
distal end of the graft where ChABC was delivered to degrade inhibitory matrix molecules.
This illustration shows the flexibility of the PNG in that grafts of a specified length can be
created, the distal end can be apposed to a specific region or level of the spinal cord and the
graft is external to the spinal canal which facilitates isolation for electrophysiological testing
and microinjection of tracers into the graft. (B) Regenerating axons immunolabeled with
antibody to neurofilament are oriented in a longitudinal array within the PNG. (C)
Evaluation of successful grafting includes quantitation of the number of myelinated axons
observed in a transverse section through the PNG. Here myelinated axons of various
diameters are seen surrounded by fibrous-like connective tissue.
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Figure 2.
Exercise devices used for spinal cord injured rats. (A) A motorized exercise wheel
(Lafayette Instruments, Lafayette, IN) is useful for rats that have a unilateral injury so that
they can maintain a slow walking speed using 3 limbs initially, until the impaired limb
regains some measure of function. Changes in speed and duration of exercise are routinely
implemented to encourage rats to perform at a higher level. (B) Motorized cycles (custom-
made) for spinalized rats provide rhythmic sensory input to the lumbar spinal cord as they
move the hind limbs through a complete range of motion. As little as 15 minutes of cycling
per day is sufficient to increase intraspinal neurotrophic factor levels. (C) Step training of
spinalized rats on a motorized treadmill provides loading of hind limb muscles which does
not occur with cycling. Similar to treadmill training of cats (see Rossignol and Martinez, this
issue), spinalized rats require assistance with balance and perineal stimulation to initiate
locomotion.
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Figure 3.
Deafferentation abolishes exercise dependent increase in neurotrophic factor mRNA. Rats
with a complete thoracic transection injury show significant increase in levels of BDNF
mRNA after cycling exercise. When dorsal root axons caudal to the injury are removed
bilaterally there is no benefit from exercise of these rats. This indicates the necessity of
sensory information being transmitted to the spinal cord during exercise.
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Figure 4.
Neurotrophin expression with acute or delayed exercise after SCI. (A) Western blot data
demonstrates the presence of comparable levels of BDNF in the lumbar spinal cord when
cycling exercise was initiated 5 days after injury (acute) or 28 days after injury (delayed).
(B) Frequency dependent depression of the H reflex was restored in spinalized rats that
received acute or delayed cycling exercise. Together these observations demonstrate the
potential for exercise dependent plasticity in the injured spinal cord at short and long
intervals after SCI.
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Figure 5.
Immunolabeling for cFos after SCI and exercise. With bike or step training there is an
increase in the number of neurons in the L4 dorsal horn (DH) and intermediate gray (IG)
compared to neurons in untrained animals. The base level of cFos in motoneurons of the
ventral horn (VH) does not appear to be changed with exercise. The expression of cFos is
used as an indicator of neuron activity following hind limb exercise of spinalized rats.

Houlé and Côté Page 16

Ann N Y Acad Sci. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Houlé and Côté Page 17

Table 1

Cell and molecular targets of exercise. A summary of known effects of exercise in the injured spinal cord
demonstrates a wide range of action, including local and distant increase in neurotrophic factors, upregulation
of cFosexpression in multiple neuron cell types, expression of downstream molecules of the AKT/mTOR
pathway that may reflect a strong regenerative potential and retention of muscle size and motoneuron
membrane properties and reflex activity. In future experiments, exercise will be employed to attempt to
increase the growth of regenerating axons into and then out of a PNG.

Cell and molecular plasticity with exercise

Outcome Location Effects What’s next

Increased expression of
neurotrophic factors

Below and above injury
site

Neuroprotective
 Reduce axon dieback
 Rescue injured neurons

Examine the potential of exercise
to promote axon growth into and
out of a PNG.

Upregulation of cFos
expression

Multiple neuronal cell
types below injury site

Neuroplasticity
 Enhanced neuronal activity

Increased expression of
phosphorylated S6

Interneurons below
injury site

Neuroregenerative
 S6 is a molecule downstream of AKT/
mTOR, suggests a strong regenerative
potential

Retention of MN
properties, muscle size
and modulation of H-
reflex

Below injury site Neurorehabilitative
 Promote interneuronplasticity
 Modulate MN excitability
 Reduce muscle atrophy
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