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Abstract
Exercise provides a number of important benefits after spinal cord injury in clinical studies and
animal models. However, the amount of functional improvement in overground locomotion
obtained with exercise alone has been limited thus far, for reasons that are still poorly understood.
One hypothesis is that the complex network of endogenous extracellular matrix components,
including chondroitin sulfate proteoglycans (CSPGs), can inhibit exercise-induced remodeling and
limit plasticity of spared circuitry in the adult central nervous system. Recent animal studies have
shown that chondroitinase ABC (ChABC) can enhance plasticity in the adult nervous system by
cleaving glycosaminoglycan sidechains from CSPGs. In this article we review the current
literature on plasticity observed with locomotor training and following degradation of CSPGs with
ChABC and then present a rationale for the use of exercise combined with ChABC to promote
functional recovery after spinal cord injury. We also present results of a preliminary study that
tested the simplest approach for combining these treatments; use of a single intraparenchymal
injection of ChABC administered to the lumbar enlargement of mice with voluntary wheel
running exercise after a mid-thoracic spinal contusion injury. The results are negative, yet serve to
highlight limitations in our understanding of the most effective protocols for combining these
approaches. Further work is directed to identify the timing, type, and quantity of exercise and
pharmacological interventions that can be used to maximize functional improvements by
strengthening appropriate synaptic connections.
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Introduction
Limited recovery after spinal cord injury and current experimental repair approaches

The current prognosis for improvement in functional sensory and motor recovery after
sustaining a spinal cord injury (SCI) remains relatively poor, despite recent marked
advances in medical care and rehabilitation [1]. A wide range of promising therapies
directed at preventing secondary injury and repairing the spinal cord at the site of injury
have been shown to exert improvements in neuroprotection, regeneration, and/or recovery of
function in animal models of SCI (rev. in [2–6]). These include single therapies, such as cell
transplantation [7–10], neurotrophic factor infusion or overexpression [11–13], anti-
inflammatory therapies [14–20] or administration of anti-growth inhibitory antibodies [21–
23]. More dramatic improvements are observed with approaches combining two or more of
these treatments [24–28], indicating that multiple mechanisms contribute to the lack of
endogenous regeneration and subsequent failure of complete functional recovery. To date,
however, none of these interventions or combinations has proven to be so robust and
reproducible across laboratories, injury models, and animal species to provide a compelling
consensus for uncontested translation to the clinical setting [29–34]. Thus, the SCI research
community continues to search for effective and feasible therapeutic strategies that can be
advanced to promote improved recovery of the injured adult spinal cord.

In addition to the strategies referred to above that seek to prevent secondary injury or repair
the spinal cord at the site of injury, considerable recent research has been directed at
understanding how the circuitry in the uninjured or “spared” segments of the spinal cord can
be activated to permit reorganization or plasticity that might drive meaningful functional
recovery [3;35–37]. Exercise, including locomotor training, can stimulate neural activity in
appropriate muscle groups and neurological centers and can easily be included with other
repair strategies to improve prognosis following SCI. However, the limited efficacy of
exercise therapy alone in translation to overground walking after severe contusion injury
suggests that characteristics of the mature central nervous system (CNS) contribute to an
environment that is refractory to activity directed plasticity. Interventions that combine
enhanced activity of appropriate circuitry with treatments that can modify the structure and
efficacy of the synapses in the injured CNS show great promise for optimizing the extent
and nature of functional recovery after injury. In the following pages, we describe the
evidence implicating a combination of locomotor training and chondroitinase enzymatic
treatment for improving functional outcomes after SCI. A review of the evidence supporting
this combination and preliminary work from our lab show that further investigation is
needed to define the timing, type, and amount of exercise training and pharmacological
interventions that could interact or synergize to enhance useful functional recovery.

Effects of exercise on health and recovery of function after SCI
Clinical studies

Activity-based strategies seek to promote neuroplasticity and greater recovery than that
induced by traditional approaches in which technology or intact body regions compensate
for permanent impairments [38]. In recent years, activity based functional electrical
stimulation (FES) and locomotor based exercise therapies have both been shown to induce

Jakeman et al. Page 2

Brain Res Bull. Author manuscript; available in PMC 2012 March 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



measurable improvements in cardiovascular function [39], muscle mass and bone density
[40], and improvements in reported quality of life measures [41;42]. Individual case studies
also demonstrate that some SCI individuals can gain measurable sensory and/or motor
function following these types of exercise based therapy even several years after injury.
However, the extent of improvement is highly variable, and small effects may be
compounded by the unknown role of spontaneous recovery that may not be directly
mediated by the exercise paradigm [38;43–45].

For SCI individuals with cervical and thoracic injuries, treadmill training in conjunction
with partial body weight support (body weight supported treadmill training, or BWSTT) has
shown enhanced benefit in a number of outcomes. Similar to findings with other forms of
locomotor exercise, BWSTT has been shown to induce increased muscle mass [46], and
improve cardiovascular risk factors [47]. However, improvements in locomotion induced by
locomotion therapy and treadmill training remain inconsistent. While treadmill performance
has not yet translated to recovery of overground locomotion for people with complete SCI,
studies on motor incomplete SCI show gains in gait speed, endurance and step quality
[45;48–52]. In contrast, in the only balanced, prospective multicenter clinical trial to date,
manually-assisted locomotor treadmill training promoted improved balance and recovery in
overground assessments, but the BWSTT did not lead to better recovery than found with
standard mobility training alone [44;53]. Importantly, the measurable improvements in
walking speed for patients with incomplete SCI (ASIA C and D subjects) was seen in both
treatment groups, indicating that locomotor activity-based exercise indeed exerts some
benefits. Nevertheless, the functional improvements and changes in independence and
community participation incurred through locomotor therapy alone remain limited.

The varied effects of locomotor-based rehabilitation in the clinic reflect the wide range of
results obtained in locomotor training studies in animal models of SCI. Early work by
Edgerton, Rossignol and others first showed that cats with complete mid-thoracic spinal
cord transection could be trained to walk on a moving treadmill [54;55]. By providing initial
weight support for the trunk and occasionally pinching the base of the tail for added afferent
stimulation, activity measured by electromyography (EMG) recordings revealed activation
of the appropriate muscle groups to produce kinematic patterns of swing and stance that
were very close to those of intact animals. The injured cats were even able to adapt these
movements to different treadmill speeds and after several weeks of training, they were able
to step with full weight bearing, although trunk stability was poor. These studies
demonstrated clearly that the isolated adult spinal cord below the level of a complete
transection contains locomotor circuitry driven by coordinated central pattern generators
(CPGs).

Subsequent research demonstrated that similar locomotor patterns can be induced in other
species after complete spinal transection, including rats [56] and mice [57]. Furthermore,
similar patterns are reflected in the clinical recordings of patients with complete SCI during
treadmill training therapy [58;59]. Thus, in addition to preventing muscle atrophy and
promoting general health benefits, treadmill training holds promise for enhancing locomotor
recovery after SCI by targeting functional substrates for locomotion that remain intact below
the level of a complete transection.

Despite the evidence of intact locomotor CPGs in the isolated lumbar spinal cord, the animal
studies indicate that treadmill training alone is insufficient to support overground
locomotion following complete transection in adult rats or cats [54;60;61]. Zhang, et al.
showed that rats with BWSTT, 5 days/week, starting at 5 days post-injury recovered greater
hindlimb mobility at 30–45 days after transection (average BBB scores of 6, corresponding
to slight to extensive movements of the three joints of the hindlimbs), than rats that did not
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have training (average BBB scores of 1.9–2.1, or slight hindlimb movements of one to two
joints). This finding does not reflect specific locomotor movements and suggests only that
treadmill training enhances excitability of the motoneuron pools. Interestingly, the authors
noted anecdotally that the rats with the greatest hindlimb movements in the open field also
had increased withdrawal reflex measures, suggesting that the effects of training may be
simply reflect increased segmental or reflex excitability in these animals [62].

In an effort to enhance the effects of locomotor training and restore the neuromodulatory
function of lost descending influence, Rossignol combined treadmill training with
pharmacological interventions and showed that the kinematic patterns of hindlimb stepping
could be improved in cats [63;64] and humans [65] with the addition of monoamines
including serotonin, dopamine and noradrenaline agonists. Others have confirmed these
results in rats transected as neonates [60] or adults [66–68]. Courtine et al. recently extended
this work to show that rats with a complete transection who are treated with a combination
of intrathecal monoamine stimulants, epidural electrical stimulation, and BWSTT using
robotic locomotor assistance, can recover significantly better stepping patterns than those
with treadmill training alone [69]. Indeed, rats with the combined treatment could even
develop the ability to support their full weight in the experimental setting, a function that has
not been achieved previously for rats injured as adults. Notably, the patterns of hindlimb
joint excursions in the combined treatment group were very similar to those of uninjured
rats, while rats that received single therapies (pharmacological stimulation or epidural
stimulation only) had more irregular excursion patterns and less effective dorsiflexion,
leading to more toe drags. This finding sheds a new and promising light on the capacity of
the isolated spinal cord for functional recovery with training, while also emphasizing the
complexity of strategies that may be required to reach this potential following injury in adult
subjects. Thus, the monoamine and epidural stimulation treatments together provide a
suitable condition of neuronal activation or tone that is ineffective when given alone alone,
but can allow the segments below the transection level to subsequently respond to the
afferent stimulation provided by the treadmill training paradigm.

Exercise therapy in animal models of incomplete SCI
Unlike the complete SCI condition, for animals and patients with incomplete SCI, treadmill
training has been proposed to improve recovery by facilitating appropriate activation of the
local circuitry, which has retained some ascending and descending communication with
supraspinal centers [70]. After partial thoracic injuries, rats and mice show notable
spontaneous recovery of hindlimb function depending on the severity of the injury, ranging
from partial plantar placement to consistent weight supported stepping with a range of
hindpaw and trunk deficits [71;72]. The degree of recovery seen with forced exercise after
partial injury has been highly variable. In an early such study, Fouad et al. found no
beneficial effect of treadmill training on locomotor recovery after a dorsal hemisection
lesion in rats [73]. In contrast, Multon et al. found that daily treadmill training with manual
assistance, started one day after a moderate balloon compression injury in adult rats, resulted
in significant improvement in locomotor function [74]. These effects were found as early as
2 weeks post-injury and from 4–12 weeks after injury the rats that had treadmill training
were able to support their body weight with occasional stepping, while those without
training were not. However, two additional studies did not show improved recovery of
overground locomotion by treadmill training or combined stand and treadmill training after
severe thoracic contusion injury in rats [75;76]. In addition, treadmill training induced
sprouting of axons at the site injury, but did not improve functional outcomes on a forelimb
task in a cervical contusion injury model [77]. Thus, the ability of rats to respond to
treadmill training is dependent in part on lesion severity and in part on the spinal level of the
injury. Interestingly, in the negative study by Ichiyama, et al. [76], additional groups of rats
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with severe contusion were treated by irradiation at the lesion site, which alters the
inflammatory reaction. In those groups that received the irradiation treatment, a combined
treadmill and stand training paradigm facilitated functional recovery parameters of both
standing and walking compared with untrained rats with irradiation alone. Thus, in addition
to effects on circuitry associated directly with the CPGs or lumbar spinal cord, some of the
effects of locomotor treadmill training with different lesion severities may reflect the effects
of cellular reactivity and signaling cascades initiated at the site of injury.

A number of other variables may also contribute to different effects in locomotor recovery
following exercise or locomotor training. Edgerton's group has shown that the extent of
locomotor recovery achieved with treadmill training is also dependent upon the quantity of
training, or the total number of steps executed during training sessions [78]. However, it is
not known if there is an upper limit to the amount of training that is beneficial. In addition,
little is known about the impact of the timing of the start of locomotor training relative to
injury, the duration or “dose” of individual training sessions, or the use of a variety of
training tasks. Smith, et al. [79] have recently shown that if swim training is started too early
after injury, the activity can induce a prolonged opening of the blood-spinal cord barrier,
leading to exacerbation of pathology and worse functional recovery than no training at all.

The previous work also raises the possibility that differences in the role of locomotor
exercise on recovery after incomplete injury may be attributed to whether the activity is
forced, as with treadmill training, swim training or automated running wheels, or voluntary,
where the individual or animal participates in exercise as self-selected activity. Indeed,
recent studies by Engesser-Cesar et al. demonstrated that voluntary wheel running can
provide improvements in functional recovery in rat and mouse models of contusive SCI [80–
82]. This approach takes advantage of the innate motivation of rodents to sustain prolonged
periods of locomotion when given unlimited access to a wheel. However, the positive effects
of voluntary wheel running after SCI have not been universal [83]. Post-injury exposure to
running wheels was sufficient to induce a significant trend in improved recovery that was
linearly related to the number of days per week of access to wheels. However, the final
locomotor recovery scores between the 0, 3, and 7 day/week groups were small and did not
reach statistical significance using a single endpoint ANOVA. Taken together, the limited
positive effects and the lack of consistency between labs suggests that even voluntary
running, which can go for anywhere from a few minutes to several hours each day, is only
modestly effective for improving overground locomotion after partial SCI in adult animals.

Cellular substrates of plasticity and reorganization mediated by locomotor
training

Neural plasticity can be mediated by biochemical changes affecting synaptic efficacy or
neural excitability and by structural changes such as axon sprouting or synaptic
reorganization. Exercise enhances expression of mRNA and protein levels of growth factors
in both the brain and spinal cord, including brain derived growth factor (BDNF),
neurotrophin-3, fibroblast growth factor-2 (FGF-2) and insulin-like growth factor (IGF-1)
([75;84]; rev. in [85]). Each of these growth factors represents a potent player mediating
plasticity of the central nervous system, with critical roles in regulating synaptic efficacy,
growth cone extension, progenitor cell proliferation, and differentiation. Considerable
evidence points especially to a critical role of BDNF in exercise-mediated improvements in
locomotion and stepping after SCI. Gomez-Pinilla et al. first showed that just 3 days of
voluntary wheel running increased levels of BDNF, its receptor trkB, and downstream
effectors including phosphorylation of synapsin I and expression of cyclic AMP response
element-binding protein (CREB) in the intact rat spinal cord [86]. This group then showed
that hemisection injury causes a reduction in BDNF caudal to the site of the lesion, an effect
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that was restored by voluntary wheel running [84]. To confirm a role of BDNF in motor
recovery in this model, they then infused a truncated BDNF receptor IgG fusion protein
(trkB-IgG) as an inhibitor of endogenous BDNF and showed that BDNF is important for
locomotor recovery after hemisection [87]. However, one recent study suggests that it is the
selective distribution of BDNF in subpopulations of motoneurons, rather than total BDNF
protein, which changes in response to treadmill training after complete transection [88].
Thus, subtle changes in the amount or distribution of BDNF expression and synaptic
composition may modulate efficacy in appropriate circuits that contribute to stepping or
locomotion.

Exogenous BDNF can also enhance stepping activity after SCI. Our group has found that
intrathecal BDNF infusions [89;90] and bone marrow stromal cell grafts that secrete BDNF
[91] each induce spontaneous stepping patterns in adult rats after SCI and improve the rate
of recovery of stepping, but not the final extent of recovery. Other groups have also shown
that untrained spinal cats with grafts of fibroblasts secreting BDNF and NT-3 improve
stepping on a treadmill as well as cats that were trained [92]. These effects may be mediated
by a number of downstream changes in the spinal cord. For example, BDNF is associated
with structural changes including increased sprouting of serotonergic axons in rat brain [93].
This is consistent with observations that BDNF secreting grafts enhance sprouting of
serotonergic fibers at the site of injury, and that voluntary wheel running can induce
increased serotonin fiber density in the lumbar spinal cord of mice after moderate contusion
injury [82]. Exogenously applied BDNF has also been associated with increased growth of
motoneuron processes after contusion injury [89] or ventral root avulsion [94]. Another
effect of BDNF release may be related to the phosphorylation and enhanced activation of
excitatory NMDA receptors [95]. Thus, the effects of exercise are likely due in part to
effects of BDNF on synaptic circuitry and excitation of locomotor pathways.

Exercise also alters the activity of inhibitory transmitter function after injury. Levels of the
inhibitory transmitter, glycine, and GAD-67, a synthetic enzyme for γ-amino butyric acid
(GABA), are both increased at chronic time points after spinal cord injury [96;97]. These
changes have been seen in both dorsal and ventral horn, and recently Khristy et al. [98]
demonstrated changes in the expression of the gamma2 subunit of the GABA(A) receptor in
specific populations of motoneurons after spinal cord transection. This adaptation in
inhibitory tone may reflect a modulatory response to the loss of descending inhibition.
However, both glycine and GAD-67 levels and the changes in expression of the GABA-B
receptors are restored to normal levels by treadmill step training. In addition, inhibition of
glycinergic activity with the antagonist strychnine can reverse the negative effects of stand
training on stepping patterns in injured cats [99].

Together, these structural and synaptic changes mediated by treadmill training after spinal
cord injury provide substantial support for the hypothesis that repetitive step training can
restore excitability levels closer to normal and enhance reorganization of spared circuitry.
However, while there is substantial evidence for increased BDNF and trophic factor
changes, the evidence for structural reorganization is more subtle and limited. This suggests
that step training alone has limited effects on reorganization of the adult neural circuitry in
the absence of descending control. We are left with the question of why these effects are
limited. It is reasonable to infer that characteristics of the mature CNS are refractory to
experience dependent reorganization. From an adaptive viewpoint, a refractory nervous
system would favor long term stabilization of beneficial behaviors during developmental
learning. However, the effort to alter and ultimately improve the course of recovery after
injury might be enhanced by addressing the components of the mature nervous system that
limit plasticity during the window of time when rehabilitation could be maximized.
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Chondroitinase ABC enhances sprouting and recovery after SCI in adult
mammals

The adult mammalian central nervous system (CNS) is more restricted in its ability to
support sprouting and recovery after injury and to change in response to perturbations in
synaptic activity than is the developing nervous system. For example, in primary visual
cortex, early monocular deprivation can dramatically alter the formation of ocular
dominance columns and disrupt binocular vision [100], while similar deprivation in the adult
has little effect on synaptic reorganization. The time point when the neuropil is sensitive to
reorganization is termed the “critical period”. Likewise, both the extent of axonal sprouting
and the degree of functional recovery is greater after spinal cord injury in neonatal or young
animals than in adults [101;102].

One important factor contributing to the limitation in plasticity and sprouting as CNS
development proceeds is the maturation of the extracellular matrix (ECM), which is
composed of multi-adhesive macromolecules, including hyaluronan, proteoglycans, and
additional link proteins, that participate in a wide range of cell-cell interactions [103;104].
After injury to the CNS, a number of ECM molecules which inhibit axonal outgrowth in
vitro, including chondroitin sulfate proteoglycans (CSPGs) and tenacins, are upregulated
within the neuropil surrounding the lesion site in a well described and orchestrated manner
[105;106]. This local environment is known to contribute to the failure of axonal
regeneration at the lesion site. Indeed, chronic repeated intrathecal infusions of
chondroitinase ABC, a bacterial enzyme that cleaves the glycosaminoglycan sidechains
from CSPGs, results in increased growth of axons through or around the lesion site and
improved functional recovery [107]. The effects of repeated intrathecal ChABC application
at the lesion site include increased sprouting of both sensory and motor axons through loss
of action of inhibitory growth molecules, release of growth factors sequestered within the
glial extracellular matrix, neuroprotection including both reduced dieback of injured axons
and reduced atrophy of distant cell bodies, and enhanced conduction through white matter
tracts (reviewed in [108], and Bradbury, et al., this volume).

Intraparenchymal injections of ChABC eliminate perineuronal nets and
facilitate plasticity

In addition to their role in the local response to injury, CSPGs also participate in the activity-
dependent formation and maintenance of ECM structures that surround specific
subpopulations of neurons and stabilize synapses. These structures, which are enriched in
regions of highly active neurons, are termed perineuronal nets, or PNNs [92–96]. PNNs are
composed of highly crosslinked conjugates of CSPGs, hyaluronan, tenacin-R and link
proteins, and they can be identified in tissue sections by their ability to bind to the lectin,
Wisteria floribunda agglutinin (WFA), or staining with iron colloid [109;110]. The
development of PNNs in the cortex corresponds closely to the end of the critical period for
functional plasticity, suggesting that PNNs contribute to the restricted plasticity found in the
adult brain and spinal cord.

While chronic infusions may be required to reduce inhibitory factors at the injury site, recent
work has demonstrated that microinjections of just a few microliters of ChABC (1–4 μl of
approximately 50 U/ml), when administered directly into the neuropil of intact adult CNS
gray matter, are sufficient to target and disrupt PNNs and re-activate plasticity in response to
physiological stimuli in the adult visual [111] and somatosensory systems [112]. Following
monocular deprivation, the removal of PNNs by ChABC is sufficient to reactivate cortical
binocular functions in the adult, while microinjections placed into the body of the nucleus

Jakeman et al. Page 7

Brain Res Bull. Author manuscript; available in PMC 2012 March 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cuneatus permitted functional plasticity and expansion of forepaw representation after a
cervical dorsal column lesion. In the spinal cord, Galtrey et al. demonstrated that 2 single
intraparenchymal microliter injections of ChABC to the cervical spinal cord enlargement
were sufficient to induce long term changes in CSPGs and hyaluronan in the spinal cord and
improve appropriate functional recovery after crossed reinnervation of forelimb peripheral
nerves in adult rats [113], indicating that CSPG-GAGs in the intact spinal cord can inhibit
recovery of relevant and appropriate behaviors. Houlé and colleagues [114;115] have
recently shown that microinjections of ChABC into the parenchyma below a peripheral
nerve graft can be combined with application of neurotrophic factors to support axonal
growth out of the graft, across an established glial scar, and into the spinal cord gray matter
to form functional synapses. These studies are exciting because they demonstrate that
intraparenchymal chondroitinase represents a potentially safe and effective component of a
treatment for longstanding SCI. To date, however, discrete microinjections of ChABC alone
have not been found to be sufficient to improve functional recovery when administered as a
single therapy after SCI [116].

Combining ChABC with rehabilitation in animal models of SCI
Based on the observation that disruption of PNNs in adult cortex, spinal cord and dorsal
column nuclei are sufficient to permit functional reorganization of sensory systems, we and
others have proposed that a combination of ChABC and functionally appropriate exercise
would support repair and recovery where neither therapy alone was sufficient. In a recent
such combination study, Garcia-Alias et al. [117] took advantage of the ability of ChABC to
digest CSPG-GAGs and perineuronal nets to optimize the effects of repetitive motion
training on a forelimb task in rats following SCI. In this study, rats learned to shell
sunflower seeds as a manual dexterity task and then received a cervical hemisection lesion
that disrupted descending cortical control of the distal motoneurons. After injury, the rats
received microinjections above and below the injury and intrathecal infusion of ChABC or
control enzyme, and then they were either placed in a chamber to perform the seed shelling
task or housed in an enriched cage environment to pursue general locomotor training. The
rats with ChABC combined with training sessions in a seed manipulation task showed
greater functional improvement in a related forelimb manual dexterity task. In contrast, rats
that received ChABC with more general locomotor exercise did better in a ladder walk test,
but did not perform as well on a skilled reaching task. These results demonstrate that
recovery on a specific functional task following SCI can be improved significantly by
combining ChABC to enhance plasticity with specific motor training to strengthen
appropriate neural circuits. This provides initial proof of the novel principle that ChABC
plus a specific activity can shape functional recovery. Notably, these results also suggest that
exercise without specific task training can compromise the beneficial effects of a task-
specific training paradigm. However, the SCI lesion was restricted to the dorsal columns. In
addition, the very specific nature of this task does not address whether a similar approach
(repetitive activity) could be harnessed to facilitate recovery on a more global task such as
overground locomotor recovery, particularly following a larger moderate or severe
contusion injury.

For optimal clinical translation, the application of ChABC and exercise should be minimally
invasive and easy to access, in order to maximize safety and feasibility. In addition, the
effects should be robust and applicable to a range of injury severities. In our lab, we were
interested in taking a risk and determining if the absolutely simplest possible clinical
application of ChABC and exercise would be sufficient to improve functional recovery after
a moderate contusion injury. We therefore tested the effects of a single microinjection of
ChABC to the gray matter in the spinal cord lumbar enlargement, placed one week after
mid-thoracic injury, alone or combined with exercise by voluntary wheel running. The
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targeted site for ChABC digestion was the neuropil and PNNs of the L1–L5 spinal cord,
where the CPG circuitry and the motoneurons and interneurons required for hindlimb
locomotor movements are located. Histological staining of the untreated spinal cord using
the lectin, WFA, reveals the dense distribution of N-acetylgalactosamine sites associated
with PNNs in the mouse lumbar spinal cord (Figure 1A). The hypothesis was that if CPG
and the lumbar spinal cord ECM was refractory to exercise-mediated plasticity following
SCI, then the animals with ChABC plus running wheels would show use-dependent
improvements in locomotion.

In this experiment, adult female C57BL/6 mice received a moderate contusion injury using
the Ohio State ESCID device, as described in [118;119] (n=6–10/group over 2 study trials).
At 1 week after injury, we exposed the L4–L5 spinal levels and injected the mice with 1.0 μl
of ChABC in PBS or PBS vehicle (ChABC-I provided by Acorda Therapeutics, Inc.)
(Figure 1B). A previous pilot study (not shown) confirmed that this ChABC dose was
sufficient to digest the 6-sulfated GAGs found on CSPGs, yielding the expression of GAG
“stubs” that extended all the way from the caudal lesion border to the lower spinal cord
regions, as confirmed in tissues obtained at one week after the injections.

On the day following the intraparenchymal injections, the mice were returned to their cages,
and half of the ChABC mice and half of the vehicle-injected mice were housed with running
wheels that had counters to monitor the number of revolutions of the wheel each day. We
then evaluated locomotor recovery using the BMS locomotor rating scale developed for
mouse contusion injury (BMS; [71]). We also tested responses to mechanical (von Frey
hair), thermal (Plantar Heat), cold (Ice) or proprioceptive stimuli applied to the hindlimbs,
and responses to mechanical stimuli applied to the trunk [120].

Under these conditions, neither exercise alone, ChABC alone, nor the combination of both
treatments resulted in a significant improvement in locomotor function compared with mice
that had no wheels and intraparenchymal vehicle injections (Figure 2A). There were also no
effects of the experimental conditions on any of the sensory outcome measures (not shown).
Both of the groups with access to running wheels used them with similar numbers of wheel
revolutions per day (Figure 2B). The lack of effect on these outcomes demonstrates that the
limitations of exercise effects after spinal cord injury are not restricted solely by the
presence of CSPG-GAG chains in the lumbar neuropil. Although digestion of the
perineuronal nets in other areas of the intact CNS is sufficient to permit functional
reorganization when combined with physiological stimulation or nerve regeneration, a single
lumbar injection of ChABC is insufficient to permit synaptic reorganization by wheel
running alone. It will be important to determine if anatomical or biochemical indices support
the possibility that ChABC facilitated some form of plasticity or sprouting in the lumbar
cord that was not sufficient for improved overground locomotion or sensory recovery.

As with most negative findings, there are a number of factors that can contribute to limiting
the beneficial effects of the approach. For example, natural plasticity in mice following a
moderate injury might be high enough through endogenous mechanisms, so that effects of
ChABC and running were masked. Alternatively, the intensity of training may have been
insufficient; the mice may not have run enough steps per night to provide the repetitive
function required for reorganization [78]. Voluntary wheel running offers advantages
including motivation and low stress on the subjects, but does not allow standardization or
maximal stepping of injured animals. Indeed, some mice could be characterized as sedentary
on those nights when had moved nesting materials into their wheels and run <50 revolutions.
Finally, repeated administration of ChABC may be required to maintain a responsive
environment. Removal of GAGs within the lumbar enlargement is likely overcome by rapid
neosynthesis. Thus, while a single injection represents the simplest and ideal translatable
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therapeutic approach, repeated intraparenchymal injections are clinically feasible and can be
examined as the next step to defining a relatively non-invasive therapy.

The results of this preliminary study are important because they emphasize those key
parameters that must be addressed as this very plausible approach moves forward (Figure 3).
Interventions that include exercise and pharmacology have potential to improve quality of
life across a vast spectrum of outcome measures (“Outcomes”, Figure 3), ranging from
general health and well being to specific modulation of complications such as spasticity and
pain.

Three major factors are still unknown as these rehabilitation adjunct therapies are expanded.
First, the timing of initiation of locomotor therapy (When?) will be critical. Training too
early may be detrimental, while starting too late may be ineffective. For example, Endo et al.
[121] have shown that assisted stepping exercise immediately after SCI can induce allodynia
in rats. In addition, as described above [79] training too early after injury can exacerbate
tissue loss and decrease functional recovery. Secondly, the manner of training (How?) will
also be important. For example, passive exercise, such as that obtained with stationary
cycling, may engage different sensory and postural afferent inputs than partial body weight
supported treadmill training or overground locomotor training. In addition, the motivational
state and hypothalamo-pituitary axis activities are also likely to be critical determinants of
effectiveness of exercise therapies, especially if high frequency or high intensity training is
required. From a modeling perspective, this may be addressed by directly comparing effects
of forced locomotor training (treadmill, swimming, moving wheel) and unforced locomotion
(free running wheels). Thirdly, the amount or intensity of training required for optimal
recovery (How much?) is also unknown. The consequences of either insufficient
(undertraining) or overly ambitious training may be critical to the extent of recovery.
Concomitant effects are also important to monitor. For example, if long sessions of treadmill
training make patients too flaccid, it may impair some functions and prevent the full
possibility of recovery.

In addition to critical questions regarding the rehabilitation paradigm, there is also need for
further understanding of the timing, methods, and dosing needed for successful translation
of ChABC as a biological therapeutic in combination with exercise and rehabilitation to
clinical use [34]. From the animal studies reviewed here, we could conclude that the
intrathecal bolus infusion approach most commonly employed may be necessary for many
of the beneficial effects of ChABC on functional recovery, including neuroprotection,
enhanced sprouting, and functional regeneration in tissues surrounding the lesion. However,
therapies that specifically target plasticity and removal of inhibitory PNNs in denervated
regions of the CNS may still be important, but may require repeated intraparenchymal
injections critically timed with regard to time post-injury and coinciding with relevant
rehabilitation strategies in order to maximize training effects.

Conclusions and Future Directions
Physical rehabilitation and exercise therapies represent feasible and important components
of future strategies to enhance functional recovery after SCI. However, despite the clear
presence of intact circuitry for locomotion in the distal segments of the spinal cord, exercise
therapy alone has provided only limited improvements for individuals with SCI, and
incomplete translation of benefits from the treadmill to overground walking. The addition of
enzyme therapy that could be applied directly to the parenchyma of the lumbar spinal cord is
a logical and clinically possible avenue to reduce the inhibitory influence of the mature
ECM and permit rehabilitation-dependent plasticity. To realize this potential, specific and

Jakeman et al. Page 10

Brain Res Bull. Author manuscript; available in PMC 2012 March 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



directed studies are needed to define the time, method, and intensity of exercise therapy and
the timing, route of administration, and dosing of ChABC.
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Figure 1.
Distribution of PNNs in mouse lumbar spinal cord and their digestion with ChABC.
A. Ventral horn of a normal mouse L4 lumbar spinal cord section stained with WFA lectin
reveals dense PNNs surrounding neurons in the intermediate gray and ventral horn (Arrows;
Scale = 50 μm).
B. Illustration of experimental design for the described study. Mice received a contusion
injury at the mid-thoracic spinal cord (T9 vertebral level, lightning bolt on timeline). One
week after injury, the lumbar cord was exposed and a single microinjection of ChABC
injected into the lumbar enlargement (syringe). Behavioral testing was performed prior to
injury and at 1,3,7 and 8 days post injury (dpi) and weekly thereafter (triangles). At 8 days
after injury, mice were housed in cages with or without running wheels. The number of
revolutions was recorded daily. Mice were perfused at 42 dpi. C. Histological analysis of
representative transverse sections through the lumbar enlargement of mice. Di6S staining
was performed using a monoclonal antibody to the 6S stubs of CSPGs (clone 3B3) on
tissues obtained at 4 or 7 weeks after injury. Mice that received ChABC showed lasting
exposure of Di6S stubs (top left, middle panel), while mice with vehicle injections showed
no stub staining (bottom left, middle). By 7 weeks post-injury, the N-acetylgalactosamine
staining of WFA was recovered and not distinguished from the untreated specimens,
revealing a recovery of GAG epitopes. Scale, left panels = 200 μm; middle and right panels
= 50 μm.
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Figure 2.
Time course of locomotor recovery and wheel revolutions in pilot study. A. There was no
significant difference in the extent of recovery between the treatment groups over time. Data
represents combined results of two smaller studies with a total n= 6–10 mice per group. CS=
ChABC + Sedentary (no wheel); CW= ChABC + Wheel; LS = Laminectomy + Sedentary;
VS = Vehicle + Sedentary; VW= Vehicle + Wheel. B. Number of wheel revolutions per day
was not different between the CW and VW groups. Note very few voluntary wheel
revolutions after injury as compared with the pre-injury acclimation period.
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Figure 3.
Critical questions to resolve in a combined exercise and enzyme therapy approach designed
to improve quality of life, including a wide range of Functional Outcomes (right panel).
Top: The optimal exercise/rehabilitation paradigm must consider when to begin therapy,
how to direct the therapy, and how much therapy to administer. Bottom: Likewise,
optimizing ChABC therapy requires additional insight into when, how and how much to
administer. With increased understanding of the nature and mechanisms of these
approaches, a combination can be directed toward targeted improvements in functional
outcome measures ranging from general health and well being to specific amelioration of
symptoms of spasticity, pain, and autonomic dysfunctions.

Jakeman et al. Page 20

Brain Res Bull. Author manuscript; available in PMC 2012 March 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


