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Summary
Full functional recovery after traumatic peripheral nerve injury is rare. We postulate three reasons
for the poor functional outcome measures observed. Axon regeneration is slow and not all axons
participate. Significant misdirection of regenerating axons to reinnervate inappropriate targets
occurs. Seemingly permanent changes in neural circuitry in the central nervous system are found
to accompany axotomy of peripheral axons. Exercise in the form of modest daily treadmill
training impacts all three of these areas. Compared to untrained controls, regenerating axons
elongate considerably farther in treadmill trained animals and do so via an autocrine/paracrine
neurotrophin signaling pathway. This enhancement of axon regeneration takes place without an
increase in the amount of misdirection of regenerating axons found without training. The
enhancement also occurs in a sex-dependent manner. Slow continuous training is effective only in
males, while more intense interval training is effective only in females. In treadmill trained, but
not untrained mice the extent of coverage of axotomized motoneurons is maintained, thus
preserving important elements of the spinal circuitry.
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Introduction
Injured axons in peripheral nerves regenerate better than those in the central nervous system,
but the functional outcomes observed clinically after peripheral nerves are injured are often
so poor that some form of long term disability results (Brushart 1998; Frostick et al. 1998).
The three reasons most often given for these poor outcomes are: 1) that the regeneration of
axons in injured peripheral nerves is slow and not all axons participate, leading to a
functionally inadequate reinnervation of muscles (Fu and Gordon 1995; Fu and Gordon
1997; Gordon 2009); 2) that regenerating motor axons are misdirected and reinnervate
functionally inappropriate targets (Evans et al. 1991; de Ruiter et al. 2008); and 3) that
plastic changes in the central nervous system (CNS) that accompany peripheral axotomy
alter the relationship of circuitry in the CNS and the reinnervated muscles (Alvarez et al.
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2010). Currently, there is no accepted medical treatment for traumatic peripheral nerve
injuries that addresses these concerns. The standard of care is to provide a tension free repair
of cut nerves and allow the process of regeneration to proceed.

Exercise as a means of improving brain health and function has received considerable recent
attention, (Adlard and Cotman 2004; Adlard et al. 2004) at least in part because it has been
shown to induce the synthesis of both brain derived neurotrophic factor (BDNF) and its
receptor, trkB, in rats and to promote recovery after CNS injury (Gomez-Pinilla et al. 2001;
Hutchinson et al. 2004; Molteni et al. 2004; Ploughman et al. 2005). Therapeutic exercise
thus could form a useful means of stimulation to the growth of regenerating peripheral axons
that would require very little clinical intervention. Because it activates motor and primary
afferent neurons naturally, via their own neural circuits, one might expect that exercise could
produce enhanced axon regeneration without increasing the misdirection of those axons to
inappropriate targets. Additionally, this natural activation might have effects on the CNS
consequences of peripheral nerve injury. Indeed, we have found that exercise in the form of
treadmill training has beneficial effects on all three of the critical aspects of recovery from
peripheral nerve injury listed above. In the review that follows, we will delineate these
effects and discuss the need for and direction of future studies.

Treadmill training enhances axon regeneration in cut peripheral nerves
Physical activity during the recovery period has been shown to improve motor function after
spinal cord injury, both clinically and in experimental animals.(Skinner et al. 1996; Edgerton
et al. 1997; Hutchinson et al. 2004). Improvements in both sensory and motor functions have
been described. Along with the successful effects of treadmill training in spinal cord injured
cats by Rossignol and colleagues (Chau et al. 1998), Edgerton and colleagues have
advocated treadmill exercise as a treatment for patients with spinal cord injury. They
showed that both voluntary exercise (Gomez-Pinilla et al. 2002; Engesser-Cesar et al. 2005)
and treadmill training (Ying et al. 2005; Heng and de Leon 2009) resulted in substantial
increases in the expression of BDNF and neurotrophin-3 (NT-3) in the spinal cord, and that
this was a likely source of support of the local neuronal circuitry caudal to the injury site
(Courtine et al. 2009). Both the Edgerton group (Edgerton et al. 2004) and Basso and
colleagues (Hutchinson et al. 2004) provided strong evidence for improvement in functional
recovery in animals with spinal cord injuries. Although limitations to this approach have
been recognized (Barbeau et al. 2006), a number of studies have been published establishing
the potential value of treadmill training in spinal cord injury (reviewed by (Wessels et al.
2010)). Treadmill training for spinal cord injured patients is now a part of many
rehabilitation therapy clinics worldwide.

Until recently, the effects of applied exercise during the recovery period following
peripheral nerve injury had been less extensively studied. Application of exercise prior to
peripheral nerve injury is thought to have a protective effect and is said to “prime” adult
dorsal root ganglion neurons for increased axon regeneration (Molteni et al. 2004).
(Marqueste et al. 2004) showed that treadmill exercise following transection of the common
fibular nerve induced better functional recovery of muscle sensory axons. The effects of
exercise on motor function after peripheral nerve injury were equivocal. Some had
concluded that exercise has beneficial effects (van Meeteren et al. 1997; van Meeteren et al.
1998) but others have argued that it does not (Soucy et al. 1996).

Because treadmill exercise was known to increase the expression of neurotrophins and their
receptors in spinal motoneurons (Funakoshi et al. 1995; Gomez-Pinilla et al. 2002;
Hutchinson et al. 2004; Molteni et al. 2004), we evaluated the effects of modest daily
treadmill training on axon regeneration following peripheral nerve injury. We have used

English et al. Page 2

Ann Anat. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mice in which a subset of the sensory and motor axons in peripheral nerves are marked
completely by yellow fluorescent protein (YFP) (Feng et al. 2000) to study the elongation of
fluorescent regenerating axon profiles into segments of the same nerves harvested from
strain-matched mice without fluorescence. Repairing the nerves with these grafts enabled
easy visualization of YFP+ axons without interference of fluorescent products of
degenerating axons. It also enabled us to use mouse genetics to manipulate the regenerating
axons and the environment through which they elongate separately. Using a simple treadmill
training program similar to one of those used successfully by Basso and her colleagues
(Hutchinson et al. 2004), we showed that one hour of daily continuous slow walking begun
on the third day following transection and surgical repair of different peripheral nerves in
wild type mice resulted in a striking increase in the length of regenerating axons through
grafts from wild type littermates (Fig. 1). These enhancing effects of regular training were
observed as early as one week after nerve transection and persisted for at least two weeks
following the cessation of daily training. Similar enhancement was found in mice where cut
nerves were repaired using simple end-to-end anastomosis of the cut stumps by using
retrograde labeling of motoneurons as an assay of regeneration (English et al. 2009) and in
rats with similar transection and repair, restoration of evoked compound muscle action
potentials (M responses) occurred at earlier post-transection times than in untrained controls
(Boeltz et al. 2010). Treadmill training thus results in enhancement of axon regeneration in
cut peripheral nerves.

We chose to impose treadmill exercise on our animals rather than allow them to exercise
voluntarily, because we wanted to be able to control the intensity, duration, and pattern of
training. However, when compared to the patterns of training used by mice voluntarily (De
Bono et al. 2006), our slow continuous training paradigm was quite different. During
voluntary exercise, mice run at much greater speeds, up to 80% of their maximum running
speed, and they do so for relatively short durations. The durations of these intervals is
approximately two minutes and bouts of running are separated by rest periods of five
minutes (De Bono et al. 2006). Mice repeat this interval training many times each night, and
females run approximately twice as many intervals as males (De Bono et al. 2006). Based on
these observations, we treated mice with cut and graft-repaired nerves using an interval
training paradigm. Animals covered the same distance (600 m), but at a faster speed (20 m/
min), and in two minute intervals separated by five minutes of rest. This interval training for
two weeks resulted in regenerating axons that were approximately twice as long as untrained
controls, the same enhancement of axon regeneration found with slow continuous walking
(Sabatier et al. 2008). Reducing the number of training intervals to as few as two had no
significant effect on the amount of enhancement of axon regeneration (Fig. 2). Running for a
single two-minute interval or more extensive interval training at slow treadmill speeds were
both ineffective in enhancing axon regeneration. Thus, both slow continuous walking and
faster running at intervals are paradigms that enhance axon regeneration in cut peripheral
nerves.

Using different training paradigms, injury models and/or outcome measures, others have
also found beneficial effects of treadmill training on axon regeneration after peripheral nerve
injury in rodents. (Ilha et al. 2008) used a modest speed of treadmill locomotion of only 9 m/
min for 60 minutes and found improvements in Sciatic Function Index (SFI) scores and
morphology of regenerating nerve fibers in rats after sciatic nerve crush. Seo and colleagues
also used the sciatic nerve crush model, but employed a higher training intensity of 18 m/
min for 60 minutes (two bouts of 30 minutes of treadmill locomotion, undisclosed rest
interval) and found better axonal regeneration as a result (Seo et al. 2006). However,
recovery from nerve crush is generally much better than recovery from nerve transection and
repair since in the former injury the endoneurial tubes remain largely intact (Sunderland
1990).
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To our knowledge there is only one investigation, aside from those conducted in our lab and
referenced above, that test the effect of treadmill training on recovery after peripheral nerve
transection. In that study it was found that treadmill training after sciatic nerve transection
increases the number of regenerated myelinated axons and prevents the development of
hyper-reflexia (Asensio-Pinilla et al. 2009). Rats were walked on a treadmill at only 5 m/
min for a total of 60 min/day (30 min’s exercise, 10 min’s rest, 30 min’s exercise).
Therefore, it can be concluded from the studies to date that treadmill training after peripheral
nerve injury results in better axon regeneration both 1) irrespective of whether nerve crush
or transection is used and 2) irrespective of the parameters of the training program.

Future studies may, nevertheless, do well to give careful consideration to the selection of an
appropriate treadmill training paradigm. Treadmill training has traditionally been used as a
strategy in research to induce physiological adaptations in rodents that facilitate aerobic
power (American Physiological Society 2006). To that end, it is well-known that if exercise
intensity is high, less volume is required (Pollock and Wenger 1998). Based on the available
data we would conclude with some degree of caution that this principle also applies to the
use of treadmill training for enhancing axon regeneration after peripheral nerve injury. For
example, as few as four minutes of high intensity treadmill locomotion (i.e., two two-minute
intervals at 20 m/min in mice (Sabatier et al. 2008)) improves axon regeneration to the same
extent as sixty minutes of low intensity treadmill locomotion (i.e., 5 or 10 m/min). Thus only
a minimum period of activation of the spinal circuits may be necessary to stimulate axon
regeneration provided that intensity is high. It is also important to consider the potential for
increasingly negative effects on recovery as treadmill training volume and intensity increase
(Kim and Lee 2010). Therefore, future studies are warranted to determine the most effective
minimal balance of exercise time and intensity to maximize the effect of treadmill training
on the functional outcomes of axon regeneration.

The mechanism of action of treadmill training in enhancing axon regeneration involves
neuronal neurotrophins

Using different knockout mice and our grafting protocol, we were able to begin to dissect
apart the cellular basis for the effectiveness of treadmill training in enhancing axon
regeneration. If axons of wild type host mice were constrained to regenerate into grafts from
mice in which the gene for BDNF was knocked out conditionally in all cells, or even only in
Schwann cells, very little elongation of regenerating axons was noted (Wilhelm et al. 2009).
However, if these mice were treated with two weeks of daily treadmill training, using either
a continuous or an interval training paradigm, then regenerating axons were twice as long as
found in untrained wild type mice whose nerves were repaired with grafts from wild type
mice (controls). A similar result was found in mice in which cut nerves were repaired with
grafts from wild type mice that were made acellular by repeated freezing and thawing. Thus
the effects of treadmill training are found irrespective of the environment (pathway) through
which axons regenerate.

If instead of using wild type (YFP) mice in these experiments, we used mice in which the
gene for BDNF was knocked out conditionally in neurons (Young et al. 2008), then a
different outcome was obtained. Very sparse axon elongation was found in these conditional
BDNF knockout mice when the regenerating axons were constrained to grow through nerve
grafts from BDNF knockout mice. Such sparse regeneration was found regardless of
whether the animals had been treated with treadmill training (Fig. 3). The effect of treadmill
training on axon regeneration thus requires BDNF produced by the regenerating axons
themselves. We believe that treadmill training evokes an increased expression of neuronal
BDNF and that this stimulates elongation of regenerating axons by autocrine or/and
paracrine action through trkB receptors on the growth cones of those axons.

English et al. Page 4

Ann Anat. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



These effects of treadmill training are unlikely due to mobilization of activity-dependent
molecules from the target muscles. The enhanced regeneration was found two weeks post-
transection, a time well before any muscle reinnervation. In all of the experiments described
above, the cut nerves were repaired with grafts from donor mice but they were not re-
attached to the target muscles. Thus any muscle-derived growth promoting molecules could
influence axon regeneration only if they acted systemically. Since the enhancement of axon
regeneration produced by treadmill training was absent in neuron-specific BDNF knockout
mice, where muscle BDNF expression is presumed to be normal, we contend that any
systemic effect of treadmill training arising from the target muscles was not sufficient to
enhance axon regeneration. The observed effects of treadmill training must be due to
changes in the neurons themselves.

It is also possible that treadmill training increases the expression of the trkB receptor in the
growth cones of regenerating axons. This increase would be expected to result in an
increased sensitivity to BDNF in some neurons and novel sensitivity to BDNF in others.
Indeed, after different forms of treadmill training, the number of primary afferent neurons
that express trkB protein is increased markedly (Wilhelm & English, unpublished), and the
trkB content in motoneurons is increased (Macias et al. 2007). Consistent with these
observations, if axons from neuron-specific BDNF knockout mice are constrained to
regenerate into a nerve graft from a strain-matched wild type mouse, and these mice are
treadmill trained, then regenerating axons are much longer than found in untrained control
mice (Fig. 3) (Wilhelm et al. 2009). Whether increased expression of trkB is essential for the
enhancing effects of treadmill training awaits study of conditional trkB knockout mice.

The role of neural activity in treadmill training
Because of the involvement of BDNF in enhancing axon regeneration found following
treadmill training, one might assume that it is the activation of the neurons whose axons are
regenerating that initiates the stimulation of axon elongation. Activity in neurons is known
to drive the expression of BDNF (Vaynman and Gomez-Pinilla 2005). Thus it is assumed
that activation of motoneurons via the spinal pattern generators for locomotion during
treadmill training is a critical component of its mechanism of action. The results of our
studies of slope training are consistent with this assumption. When animals walk up a 20°
slope, the activity in ankle extensor muscles, such as soleus, is increased slightly, but
activity in flexor muscles, such as tibialis anterior, is nearly twice the intensity as found
during level walking (Sabatier et al. 2010b). Based on this observation, we predicted that
treadmill training conducted with the treadmill inclined upward would have a more
pronounced enhancing effect on axon regeneration in motoneurons innervating flexor than
extensor muscles. Mice in which the sciatic nerve had been cut and repaired by end-to-end
anastomosis were trained on an upslope-inclined treadmill for two weeks and then different
retrograde fluorescent tracers were applied to the common fibular (flexor) and tibial
(extensor) nerves 4 mm distal to the original transection. Numbers of retrogradely labeled
motoneurons whose axons had regenerated at least 4 mm were counted in the spinal cord
four days later. Counts were compared to those obtained from mice that had been trained on
a level treadmill. Significance of differences in mean numbers of motoneurons labeled in the
different groups was evaluated using a one-way analysis of variance (ANOVA) and post-
hoc paired testing (Fisher’s least significant differences). Probabilities of <0.05 were
considered significant. As predicted, the number of labeled motoneurons was increased
significantly for both nerves. The increased number of motoneurons labeled from the
common fibular nerve in upslope trained mice was especially notable because no significant
increase had been found for continuous level treadmill training (Fig. 4) (English et al. 2009).
A significant enhancement of axon regeneration was produced by upslope treadmill training
in flexor motoneurons whose activity is also increased during upslope locomotion (Sabatier
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et al. 2010a). If such findings can be corroborated using different approaches that provide
more than correlational evidence, we would contend that the paradigm used for training
when different nerves are injured could be prescribed based on the optimal activation of the
motoneurons whose regeneration would be desired.

Does treadmill training stimulate axonal protein synthesis?
Since the discovery of axonal transport, it has been assumed that the synthesis of axonal
proteins occurred in the somata of neurons and that these proteins were transported down the
axon by microtubules at a relatively slow average daily rate (Weiss and Hiscoe 1948). It is
now known that this form of anterograde transport is mediated by the same molecular motor,
kinesin, used in the much faster transport of organelles, but because the progression of
protein transport is not constant, but interrupted, the average rate is slow (Brown 2003). If
applied to the elongation of neurites from the proximal segments of cut nerves, then axon
regeneration in cut peripheral nerves would be expected to proceed at this same rate, on the
order of 1–3 mm/day (Lasek and Hoffman 1976). A compelling case has been made that
cytoskeletal proteins required for axon regeneration, such as actin and tubulin, which are
constitutively transported in axons, may be sufficient to account for the extent of elongation
of axons past injury sites in cut peripheral nerves (Hoffman 2010). However, if mice are
treadmill trained during that first post-injury week, more than twice as many axons will have
elongated nearly twice as far as in untrained mice. Although one might imagine that
treadmill training might increase the synthesis of cytoskeletal proteins, because such
stimulation would be found only after the injury, the rapid onset of this effect of treadmill
training would be difficult to account for entirely by the traditional view of somatal
synthesis and slow transport of axonal proteins.

It is now widely accepted that axonal proteins can be synthesized in axons (Tobias and
Koenig 1975). The mRNAs for several axonal proteins are found in axons (Bassell et al.
1998; Krichevsky and Kosik 2001). Further, these mRNAs are known to be transcribed in
the neuronal somata and transported in the axons much more rapidly than proteins, after
binding to RNA binding proteins known as zip code proteins (Bassell et al. 1998). Based on
the rates of transport of these mRNAs, one might anticipate that the relatively rapid
regeneration of some axons in cut or crushed peripheral nerves might utilize proteins that are
translated and synthesized at or close to the site of injury. Indeed, in mice in which mRNA
transport into axons is compromised, axon regeneration after crush injury is diminished
(Willis et al, 2011). The response of growth cones to BDNF, which we believe is required
for the enhancing effects of treadmill training (see above), is dependent on local protein
synthesis (Yao et al. 2006). We would speculate that the rapid enhancement of axon
regeneration produced by treadmill training is the result of a stimulation of axonal protein
synthesis. Whether the proteins synthesized locally in response to treadmill training are
limited to structural proteins required to construct new axons or whether they also involve
signaling proteins such as BDNF and its receptor, trkB, is not known at this time.

Sex differences in the enhancing effects of treadmill training
When mice are allowed to exercise voluntarily on an exercise wheel, the females run nearly
twice as far each night as the males (De Bono et al. 2006). In addition, testosterone is known
to be a potent regulator of neuronal expression of BDNF and its receptor, trkB (Osborne et
al. 2007; Sharma et al. 2010; Verhovshek et al. 2010). Thus we wondered whether the
effects of treadmill training on axon regeneration in cut nerves would be the same in male
and female mice. When we examined the sex of the animals used in our original studies, we
found that males and females were not represented equally. When we conducted additional
experiments to correct for this inequality and analyzed the data separately for males and
females, we found a striking sex difference in the effects of our different training paradigms
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on axon regeneration. No sex difference was found in untrained mice, but after continuous
training for one hour a day for two weeks, the lengths of regenerating axons were
significantly greater than untrained controls only in males. No significant increase in axon
profile lengths were found in females or castrated males (Fig. 5A). In contrast, following
daily interval training, significant enhancement of axon regeneration was found only in
females and not in either intact or castrated males (Fig. 5B). We believe that these results
mean that the mechanism of enhancement of axon regeneration produced by the two
different training paradigms must be different. The involvement of training-related
androgens in continuously trained males seems clear, but the cellular mechanism by which
this effect is exerted awaits further study. The basis for the success of interval training in
females is less clear, but may involve localized, non-gonadal production of testosterone by
neurons or Schwann cells (Garcia-Ovejero et al. 2005). More work on this interesting topic
is needed.

Effects of treadmill training on misdirection of regenerating axons
In the mammalian CNS, motoneurons innervating functionally different groups of muscles
are topographically localized (McHanwell and Biscoe 1981; Nicolopoulos-Stournaras and
Iles 1983; Swett et al. 1986; Yakovenko et al. 2002). That is, the motor nuclei of different
muscle groups lie in spatially distinct locations in the brainstem and spinal cord. Following
peripheral nerve injury, individual muscles or even groups of muscles are likely to be
reinnervated by a somewhat different cadre of motoneurons than before transection of the
nerve. For example, (Ito and Kudo 1994) found that motoneurons reinnervating the guinea
pig posterior digastric muscle four weeks after crush of the facial nerve were found in parts
of the motor nucleus which do not normally contribute to this innervation. A number of labs
have reported that the locations of motoneurons reinnervating different limb muscles were
much less spatially restricted than found in intact animals (Brushart and Mesulam 1980;
Brushart et al. 1983; Gramsbergen et al. 2000; English 2005). Since the designation of this
innervation as different from the pre-denervation condition was made on the basis of the
spatial location of the motoneurons in the CNS, we have termed such reinnervation as
topographically inappropriate. This inappropriate reinnervation of peripheral targets is the
result of misdirection of regenerating axons in the periphery. Such misdirection is said to be
a major contribution to the poor functional outcomes noted clinically after peripheral nerve
injury (Sperry 1941; Sunderland 1978; Fawcett and Keynes 1990; Fu and Gordon 1997; de
Ruiter et al. 2008).

We exploited the topographic organization of the sciatic motor nucleus to study the effects
of treadmill training on the extent of misdirection of regenerating axons following sciatic
nerve transection and end-to-end repair. Using retrograde fluorescent tracers applied to the
cut ends of peripheral nerves, we confirmed that motoneurons whose axons are found in the
common fibular nerve are restricted to the rostral-most 60% of the sciatic motor nucleus in
intact mice. Thus, any motoneurons whose cell bodies are found in the caudal-most 40% of
this nucleus after nerve injury are defined as topographically inappropriate and reflect
misdirection of regenerating tibial axons (English 2005). In untrained mice, we found a
modest amount of such misdirection; approximately 20% of regenerating motor axons in the
common fibular nerve in reinnervated animals had innervated targets of the tibial nerve prior
to sciatic nerve transection (English 2005). In mice treated with treadmill training,
significantly more motoneurons were labeled with retrograde tracers, indicating that the
training had enhanced axon regeneration, but only about 10% of motoneurons with
regenerating axons in the common fibular nerve were from motoneurons in topographically
inappropriate locations (English et al. 2009). Thus at least for the motoneurons studied,
treadmill training results not only in an enhancement of axon regeneration but, at least at the
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level of reinnervation of functionally antagonistic muscles about the ankle joint,
significantly less misdirection of those axons.

Treadmill training and CNS plasticity
Following nerve transection in the periphery, a series of changes occurs in the circuitry of
the spinal cord or brainstem. Nearly half of the synaptic inputs onto the somata and proximal
dendrites of motoneurons are withdrawn following peripheral axotomy, a process known as
synaptic stripping (Blinzinger and Kreutzberg 1968; Hamberger et al. 1970; Lindå et al.
1992; Oliveira et al. 2008). Although the withdrawal of injured primary afferent terminals
following peripheral nerve injury can contribute to synaptic stripping (Mendell et al. 2001),
there is considerable evidence that a change in motoneuron properties, rather than signals
from damaged sensory inputs, initiates synaptic stripping. For example, synaptic stripping is
found on brainstem motoneurons following transection of the facial nerve, which does not
contain sensory axons (Liebermann 1971; Titmus and Faber 1990). Unlike axotomy-induced
changes in the periphery, which can be reversed, albeit imperfectly and imprecisely, once
the withdrawal of afferent terminals from motoneurons has occurred, it appears permanent.
Reduced numbers of synaptic terminals from primary afferent neurons are found on
motoneurons many months after nerve transection, whether or not the nerve was repaired
and axon regeneration was successful (Hughes et al. 2004; Alvarez et al. 2010; Chen et al.
2010). This permanent loss is highly correlated with the permanent loss of the stretch reflex
in self-reinnervated muscles (Haftel et al. 2005; Alvarez et al. 2010). In addition, over a
much longer time course, there is a nearly 50% increase in contact of these motoneurons by
synaptic boutons containing GAD-67, the rate limiting enzyme in the synthesis of the
inhibitory neurotransmitter, gamma amino butyric acid (Rose & English, unpublished).
These changes in neuronal circuitry thus could have an important impact on functional
recovery following nerve regeneration.

We have begun to study the effects of treadmill training on axotomy-induced synaptic
stripping. The rationale for these studies comes from a series of recent papers that showed
that stripping could be reversed by persistent application of recombinant BDNF and/or NT-3
to the proximal stumps of cut abducens nerves (Davis-Lopez de Carrizosa et al. 2009a;
Davis-Lopez de Carrizosa et al. 2009b). Some of these treatments were initiated after a two
week delay, during which time synaptic inputs were stripped from the axotomized
motoneurons. After these delayed treatments, coverage of the motoneuron somata by
identified synaptic terminals was found to the same extent and in a composition similar to
that found in intact motoneurons, suggesting that the neurotrophin treatments resulted in a
restoration of stripped inputs. Because treadmill training results in an increased expression
of these neurotrophins in spinal motoneurons (Gomez-Pinilla et al. 2001), we reasoned that
it might affect axotomy-induced synaptic stripping. Indeed, after two weeks of modest daily
treadmill training, no loss of synaptic inputs from the axotomized motoneurons was found
(Fig. 6) (Krakowiak et al. 2010). Using mice in which the gene for BDNF was knocked out
conditionally, we found that this effect of treadmill training was at least partially dependent
on the availability of BDNF (Krakowiak et al. 2010). Although it is possible that the effect
of treadmill training on axotomy-induced synaptic stripping might be viewed as preventing
synaptic withdrawal, by analogy to the results of treatments with BDNF treatments cited
above and based on preliminary results in our lab (Wilson and English, unpublished), we
believe that the training induces some sort of restoration of stripped inputs to the
motoneurons.

The specificity and composition of the input to motoneurons in treadmill trained animals is
not yet known but we think that acquiring these data will be important. If treadmill training
restores sensory input to motoneurons, although a misdirection of regenerating axons in the
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periphery (see above) exists, then the net effect on functional recovery might not be
desirable.

We believe that establishing the therapeutic window for application of treadmill training as a
therapy for patients with peripheral nerve injury will be important. The optimal window
would begin early enough to influence both axon regeneration in the periphery and to have
an effect on synaptic stripping but late enough that the nature of the training might be used
to restore or even shape the nature of the synaptic inputs onto stripped motoneurons in some
relationship to the specificity of the targets reinnervated by sensory and motor axons while
at the same time permanently restoring those inputs.

Conclusions
Limitations in three different aspects of the biology of responses to traumatic injury to
peripheral nerves have been postulated to contribute to the poor functional outcomes
observed in human patients. Treadmill training applied following traumatic peripheral nerve
injury results in demonstrable improvements in each of these three areas. Regenerating
axons grow considerably farther in treadmill trained animals than they do in untrained
controls. This enhancement of axon regeneration is achieved without an increase in the
misdirection of the regenerating axons in the periphery and without the expected axotomy-
induced decrease in synaptic contacts onto motoneurons in the CNS. At each of these levels
of inquiry, important questions remain. Clearly a lot more work needs to be done. Most
forms of therapeutic exercise are aimed at increasing muscle strength, range of motion of
joints, or cardiovascular effects. Since all of the effects of treadmill training described above
occur before any muscle reinnervation is found, the effects of treadmill training must be the
result of exercising the nervous system. This form of therapeutic exercise thus represents a
promising approach to a patient-driven treatment for peripheral nerve injuries.
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Figure 1.
The effects of Continuous treadmill training on axon regeneration in peripheral nerves. Cut
common fibular nerves in thy-1-YFP-H mice were repaired with a short length of nerve
harvested from a non-fluorescent littermate. Animals were trained continuously for one hour
per day at a slow treadmill speed (10 m/min), five days per week for no more than two
weeks. Using images of optical sections made through these grafts, the lengths of YFP+
regenerating axon profiles were measured at different survival times. Average median axon
profile lengths, expressed as a percentage of untrained controls (±SEM, N=4 for each), are
shown. The horizontal dashed line at 1.0 indicates the length of regenerating axons in
untrained controls. Data are from Sabatier et al (2008).
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Figure 2.
The effects of Interval treadmill training on axon regeneration in peripheral nerves. The
paradigm used was similar to that described for Figure 1 except for the pattern of treadmill
training. Animals were trained at a faster treadmill speed (20 m/min), for two minutes and
then rested for five minutes. This interval was repeated different numbers of times. Training
was conducted five days/week for two weeks. Average median axon profile lengths,
expressed as a percentage of untrained controls (±SEM, N=4 for each), are shown. The
horizontal dashed line at 1.0 indicates the length of regenerating axons in untrained controls.
Data are from Sabatier et al (2008).
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Figure 3.
Axon regeneration is not enhanced by treadmill training in neuron-specific BDNF knockout
mice. Cut common fibular and tibial nerves in female SLICK::BDNFf/f host mice were
repaired with a short length of nerve harvested from non-fluorescent, strain-matched graft
donor mice. Some graft donor mice were wild type (WT) and others were systemic BDNF
knockout mice (BDNF KO). In the host mice in these experiments, the gene for BDNF was
knocked out in motoneurons expressing YFP. The cut YFP+ axons in these mice were
constrained to regenerate into an environment lacking (BDNF KO) or containing (WT)
BDNF. Animals were trained using an interval training paradigm and the lengths of profiles
of YFP+ regenerating axons measured in grafts after two weeks were compared to those
found in untrained WT mice whose axons regenerated into WT grafts (Controls). Average
median axon profile lengths, expressed as a percentage of untrained Controls (+SEM, N=4
for each), are shown from measurements made in grafts from BDNF KO mice (Untrained on
the left, treadmill Trained on the right) and in WT mice (center). The horizontal dashed line
at 1.0 indicates the length of regenerating axons in untrained Controls. Data are from
Wilhelm et al (2009).
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Figure 4.
The effects of upslope training on axon regeneration in cut peripheral nerves. The sciatic
nerves of mice were cut and repaired by end-to-end anastomosis. Some mice were trained
using a continuous training paradigm with the treadmill level and others with the treadmill
inclined upwards at 20 degrees. Two weeks after transection, the tibial and common fibular
branches were cut 4 mm distal to the original transection and exposed to different retrograde
fluorescent tracers. A. Examples of motoneurons retrogradely labeled from red and green
fluorescent tracers applied to the tibial and common fibular nerves, respectively. B. Labeled
motoneurons with axons regenerating that distance into these two branches were counted in
histological sections of the lumbar spinal cord. Comparisons were made between the two

English et al. Page 17

Ann Anat. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



groups of trained mice and to intact and untrained (both lesioned and unlesioned) mice. Each
bar represents the mean number of labeled motoneurons (±SEM, N=4 for each).
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Figure 5.
Sex differences in the effects of treadmill training on axon regeneration in cut peripheral
nerves. In each graph, average median axon profile lengths, expressed as a percentage of
untrained controls (±SEM, N=4 for each), are shown. The horizontal dashed line at 1.0
indicates the length of regenerating axons in untrained controls. A. If mice are trained using
a continuous training paradigm, enhancement is found only in males and not females or
castrated males. B. If mice are exercised at intervals, enhanced regeneration is found only in
females, not in males or castrated males.
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Figure 6.
Effects of treadmill training on synaptic stripping following peripheral nerve transection.
Images of labeled motoneurons in untrained intact mice and one week following sciatic
nerve transection are shown in the top two panels. In these mice, a subset of neurons express
yellow fluorescent protein (YFP, shown in green in these panels) and motoneurons
innervating the gastrocnemius muscle were marked by injection of a red fluorescent
retrograde tracer (cholera toxin B-Alexafluor 555) four days prior to sciatic nerve
transection (without repair). Expression of the ubiquitous synaptic vesicle protein, SV2, was
demonstrated using immuno-histofluorescence, using a secondary antibody conjugated to
Alexafluor 647 (shown as cyan in these panels). Note the robust SV2 immunoreactivity in
the intact mouse and the relative paucity of synaptic coverage one week after nerve
transection. In a series of trained and untrained mice, the proportion of the soma and
proximal dendrites of retrogradely labeled motoneurons contacted by SV2 immune-positive
structures was determined. The average change in this synaptic coverage was determined by
comparison to coverage in intact and untrained mice and is shown in the bottom panel. Each
bar represents the average percent change in synaptic coverage (±SEM, N=4 for each) in
untrained mice after 1 or 2 weeks and mice treadmill trained for two weeks. Note that the
reduction in coverage of nearly 50% observed in untrained mice is completely absent in
trained mice.
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