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1. Introduction

Peripheral nerve injuries are an important cause of permanent disability and have a strong
negative impact on patients’ quality of life. The neurological sequels of peripheral nerve
injuries impair daily living and work activities and are often associated with serious compli‐
cations, such as neuropathic pain [1]. The incidence of traumatic peripheral nerve injuries is
higher in young male adults as a result of traffic, occupational and sport accidents [2], with
the majority of injuries affecting the upper extremity [1], and a minor, though significant
percentage of the nerve injuries damaging the sciatic nerve [3]. Although important advances
were made in the surgical treatment, functional outcome following peripheral nerve injury is
unsatisfying in most patients.

Experimental work with animal models has revealed several neurobiological mechanisms that
are crucial for peripheral nerve regeneration and target reinnervation. This research highlights
the role played by cellular and molecular mechanisms in signaling neuron injury and activat‐
ing nerve’s regenerative response. Different strategies have been used to enhance nerve
regeneration, which use natural activities to stimulate the damaged nervous system to
regenerate, with emphasis on treadmill exercise carried out in the immediate period following
nerve damage and repair. In this Chapter we will review some of the work done recently
regarding the utilization of activity-based strategies on axonal regeneration, reinnervation and
functional recovery, as well as some of the mechanisms underlying these effects. Clinical
evidence of the use of exercise and related treatment modalities in the rehabilitation of
peripheral nerve damage will also be addressed. The importance of translating animal research
to clinical settings and of developing new approaches for rehabilitation after nerve injury that
comply with increasing knowledge about neurobiological mechanisms of peripheral nerve
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regeneration and functional recovery, and explore the plasticity of the central nervous system,
will be mentioned.

2. Neuron early regenerative response

2.1. Injury signaling

Responses in the nerve at the site of injury begin almost immediately following axonal injury.
Axotomy initiates a complex and coordinated set of injury signals that convey to neuron soma
information regarding the axon injury [4]. Early signals arrive to the cell body in the form of
vigorous electrical spiking activity that is generated at the lesion site and propagates up to the
neuron soma. Membrane depolarization bursts are accompanied by the opening of voltage-
gated and ligand-regulated Na+ and Ca2+ channels and by large transients of intracellular
Ca2+ concentration increase, which activate several different Ca2+-dependent kinases and raise
cAMP levels. The formation of the growth cone, the initial event required for axonal elongation,
relies on Ca2+ acting as intracellular second messenger and on signaling through the mitogen-
activated protein kinase (MAPK) pathway, as well as on protein kinase A (PKA) activation [5].
In addition, Ca2+ entering the tip of the axon triggers Ca2+-dependent proteases and enhances
protein turnover and cytoskeletal dynamics, promoting growth cone advancement [6].

Axon injury  disrupts  retrograde axonal  transport  and deprives  the  neuron cell  body of
target-derived  molecules,  which  are  supposed  to  repress  the  neuronal  intrinsic  growth
ability when neurons are firmly contacting their target organs. Little is known about these
negative injury signals but the transforming growth factor beta (TGF-β)/SMAD2/SMAD3
pathway is a candidate. For instance, in primary sensory neurons, growth is repressed by
the constitutively expressed inhibitor 5 of protein phophatase 1, which interacts with type
1 TGF-β receptor and triggers activity in the TGF-β/SMAD pathway, a mechanism that is
down-regulated by injury [7].

Positive injury signals also make an important contribution to support the regenerative
response of neurons after axotomy. At the site of the axonal lesion, several kinases, cytokines
and downstream effectors are activated and transported back to the neuron soma [4]. The
transport of phosphorylated MAPK from injured axons to the cell body leads to expression of
regeneration-associated genes [8]. Likewise, activation of the mammalian-target of rapamycin
(mTOR) pathway also promotes neuron growth in injured peripheral nerves, either by rapidly
causing phosphorylation of the ribosomal S6 protein, a downstream effector of the mTOR
pathway, or by regulating the expression of growth-associated protein(GAP)-43 [9]. Several
neural growth factors and cytokines increase in concentration within peripheral nerves in
response to injury. These factors include the glycosylated protein (gp)130 cytokine family
members: leukemia inhibitory factor (LIF), interleukin-6 (IL-6) and ciliary neurotrophic factor
(CNTF) [4], as well as neurotrophins, such as brain-derived neurotrophic factor (BDNF) and
respective receptors [10]. These factors also play a crucial role in neuron survival and axonal
regeneration [11].
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2.2. Wallerian degeneration

Wallerian  degeneration  refers  to  the  tightly  regulated  disruption  of  the  distal  axon  in
response  to  the  injury.  Myelin  disintegration,  detachment  and proliferation  of  Schwann
cells,  macrophages activation,  and recruitment  of  blood borne immune cells  accompany
Wallerian  degeneration  and  create  the  conditions  in  the  distal  nerve  to  support  axonal
growth [12]. Schwann cells, macrophages, and other phagocytes recruited from the blood
circulation and entering the nerve through the opened nerve-blood barrier, remove myelin
debris and associated inhibitory signals, allowing regenerating axons to penetrate into the
distal nerve [13].

In addition to proliferating and phagocytozing myelin debris, Schwann cells also secrete
neurotrophic factors that promote axon growth thorough autocrine/paracrine mechanisms,
along with cytokines and chemokines that regulate the inflammatory response [12]. For
instance, the secretion of pro-inflammatory cytokines (e.g. TNF-α, IL-1, and IL-6) induces
activation and secretion of phospholipases (e.g. phospholipase A2) that further increase the
production of cytosolic and extracellular signaling molecules that contribute to clearance of
myelin remnants in the distal nerve [13].

3. Major limitations for nerve regeneration

Experimental in vivo research highlights three key causes for poor reinnervation: 1) axonal
loss of regenerative response [14], 2) inability of denervated distal nerve to support axonal
growth [15], and 3) severe muscle atrophy [16, 17]. Growing axons progressively lose their
regenerative ability if disconnected with targets. In the rat, the number of regenerating
motoneurons declines to around one-third during approximately the first 4 months following
axotomy [14]. In this case, however, reinnervated muscles are able to recover from atrophy
and muscle strength is regained, as a result of intramuscular nerve sprouting and motor unit
enlargement [14]. Chronic axotomized neurons can be stimulated to regenerate by the
immunosuppressant FK506, thus reduced regenerative capacity can be overcome by proper
stimuli [18].

Contrary to chronic axotomy, distal nerve stump denervation and severe muscle atrophy
impede full recovery. Distal nerves that remain denervated for few months display diminished
ability to support axonal growth and muscle reinnervation. As a consequence, muscles are
only partially reinnervated as a result of decreased number of regenerating axons (see Figure
1). Only about 10 percent of motoneurons are capable of regenerating across a chronically
denervated distal nerve [15]. In addition, similar numbers of motoneurons grow across the
nerve pathway and reinnervate the muscles, showing the chronic denervated distal nerve as
the main reason for severely impaired axonal regeneration and muscle reinnervation. This is
likely the result of a decline in the number of Schwann cells, together with diminished ability
of these cells to stimulate axon elongation [19]. In fact, Schwann cells reactivation by TGF-β
elevates their capacity to support axon regeneration [20].
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Figure 1. Montages of photomicrographs of transverse cryosections of the tibial anterior muscle from a control rat
(left image) and from an animal 20 weeks following sciatic nerve transection and repair with a 10 mm-long nerve au‐
tograft (right image). Sections were immunostained for CD31 and fluorescein labeled Griffonia simplicifolia for visuali‐
zation of blood vessels. Note the severe atrophy of the poorly reinnervated muscle and the extensive loss of capillaries.
Scale bar: 1 mm.

Prolonged denervation leads to severe muscle atrophy, muscle fiber necrosis, fibrosis, and end-
plates disorganization [21, 22]. Extended denervated muscles when reinnervated by fresh
axotomized nerves fail in restoring their tetanic force and muscle weight. The size of regener‐
ated muscle units as well as muscle fibers’ cross sectional area remain smaller when muscles
stay denervated for extended periods of time [16]. Prolonged denervation initially causes
atrophy of muscle fibers, but latter there is necrotic muscle changes that lessen the number of
muscle fibers [21]. With time, denervated muscles also show impaired myogenesis, which
further limits the ability to restore muscle mass even in the case muscles become reinnervated
[23, 24] (Figure 2).

Delayed initiation of axonal growth plus misdirection of regenerating axons are additional
reasons for poor functional recovery [25-27]. The injury site acts as a barrier that inhibits axonal
regeneration and widens the interval of time that different neurons take to successfully initiate
their growth (i.e. staggered regeneration). In the mean time, the distal nerve loses part of its
ability to support axonal regeneration. Nerve injuries that preserve nerves’ connective scaffold
show better functional outcome [26]. In crush injuries the endoneurium remains intact along
the entire distal nerve stump providing guidance for growing axons to reach their specific
targets. Erratic guidance of regenerating axons increases if nerve injury disrupts the endo‐
neurium. In this case, sprouts from regenerating axons may penetrate several different
endoneurial pathways and terminate in targets that they formerly did not supply, as in the
case of axons that regenerate within nerves leading to a totally different organ than the original
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(e.g. skin instead of muscle), or branches of a single motor axon ending up reinnervating
muscles with antagonistic function.

Figure 2. Photomicrograph of hematoxylin-eosin stained transverse cryosection of a poorly reinnervated tibial anteri‐
or muscle 20 weeks following sciatic nerve transection and repair with 10 mm-long nerve autograft. Visible a large
number of highly atrophied muscle fibers with increased density of myonuclei, intermingled with small clusters of
larger muscle fibers. Also visible, the large amount of connective tissue replacing the original muscle tissue. Scale bar:
25 microns.

4. Enhancement of axonal growth

4.1. Brief electrical stimulation

Stimulation of the neuronal activity early following axonal damage might strengthen the
intrinsic injury signaling mechanisms and produce a more robust regenerative response. This
hypothesis has been tested by using different methods to stimulate the activity of neurons soon
following axotomy. Electrical stimulation of cut peripheral nerves applied immediately
following axotomy is one of such methods. Brief one-hour, low-frequency electrical stimula‐
tion applied by the time of surgery accelerates motoneurons growth in the rat’s femoral nerve
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and improves reinnervation specificity [28]. Importantly, repeating the electrical stimulation
for two weeks postinjury does not result in additional positive effect on axonal regeneration
[28]. Tetrodoxin abolishes the effect of electrical stimulation on axonal regeneration, which
suggests that action potentials triggering and their propagation to the cell body are required
to stimulate axonal regeneration by brief electrical stimulation. Thus, brief electrical stimula‐
tion applied immediately following axotomy probably strengthens intrinsic injury signaling,
powerfully driving axonal regeneration.

Brief electrical stimulation acutely applied to the cut sciatic nerve also enhances motoneurons
regeneration [29]. This effect is most noticed during the first two weeks postinjury, declining
to some extent thereafter. However, in the cut and repaired sciatic nerve, electrical stimulation
does not improve regeneration precision, therefore a significant proportion of regenerating
motoneurons grow along the incorrect pathway, possibly affecting functional outcome
negatively [29].

4.2. Treadmill exercise

Treadmill walking/running is the most commonly used form of activity-based experimental
treatment within the context of peripheral nerve injury. An important question is whether
treadmill exercise enhances axonal regeneration. Although initial studies addressing this
question arrived to conflicting results (see ref. [30]), more recent evidence demonstrates that
treadmill training accelerates axonal regeneration much in the same way that brief electrical
stimulation does [31]. One hour of treadmill running conducted during the first two weeks (5
days/week) following sciatic nerve transection and direct repair in mice increases by four-fold
the number of motoneurons that successfully regenerate during that period [32]. By the end
of the fourth week of recovery, higher number of regenerated motoneurons could still be
observed as a result of treadmill running performed two weeks earlier [32]. The enhancing
effect of treadmill training on axonal regeneration can be achieved with different running
protocols, ranging from continuous, mild-intensity, prolonged running (e.g. 1 hour/day, 10 m/
min), to interval training made of bouts of high-intensity running, separated by periods of
recovery (e.g. 4 x 2 min of running at 20 m/min and 5 min of recovery) [31, 33]. In addition to
diminishing staggered regeneration, the more natural stimulation provided by treadmill
exercise, relative to electrical stimulation, also prevents misrouting of the regenerating sciatic
nerve motoneurons [32]. This effect might be crucial in terms of functional outcome consid‐
ering that misrouting of regenerated neurons underlies pathological manifestations, such as
dyskinesia [26]. Improved topographic organization of regenerated motoneurons in response
to treadmill exercise is not clearly understood, but is likely related with better synchronized
motoneuronal regeneration and higher competition for endoneurial pathways within the
distal nerve stumps [32].

Resistance training also enhances regeneration of injured nerves [30]. This kind of exercise
consists of performing sets of strong muscle contractions in order to increase muscle strength
and augment muscle mass. Compared with resistance training and concurrent training (i.e.
resistance and endurance training combined), as well as with sedentary controls, endurance
training after sciatic nerve crush injury increases myelin sheath thickness of regenerated nerve
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fibers [34]. In addition, endurance training increases the percentage area of the regenerated
nerve occupied by myelinated nerve fibers [34]. Resistance training also increases the diameter
of the myelinated nerve fibers in crushed sciatic nerves, but only in the segment of the nerve
proximal to the injury site [34].

Treadmill exercise and electrical stimulation can be combined, leading to a synergistic effect
on promoting nerve regeneration and reinnervation [35]. In rats, and following sciatic nerve
transection and direct co-optation, treadmill walking exercise (5 m/min) conducted during the
initial four weeks of recovery increases the density and the number of myelinated nerve fibers
in the tibial nerve [35]. The same effect is achieved by applying brief electrical stimulation at
the time of the surgery. Contrariwise, chronic electrical stimulation fails in improving axonal
regeneration. Combining treadmill exercise and brief electrical stimulation enhances the effect
of the individual treatments. Low-intensity treadmill exercise in conjunction with acute
electrical stimulation also produces faster and enhanced muscle reinnervation. A faster
recovery of compound muscle action potential (i.e., M-wave) amplitude, as well as improved
M-wave latency, are achieved if the acute electrical stimulation, which is delivered in a single
one-hour session immediately after the nerve injury, is strengthened by treadmill exercise
throughout the next four weeks. Interestingly, the effect of the combined acute electrical
stimulation and treadmill exercise treatment is seen mostly in dorsiflexor muscles (e.g., tibialis
anterior), which are supplied by the common peroneal branch of the sciatic nerve, compared
to plantarflexors (e.g., plantaris muscle) that are innervated by the tibial nerve [35]. In addition,
the positive effect of treadmill exercise on muscle reinnervation following sciatic nerve
transection and repair is significant only past two months of injury and one month from the
end of treadmill exercise [35, 36]. Once again, this suggests that treadmill exercise improves
reinnervation, and possibly functional outcome as well, by acting upon early axonal regener‐
ation, such as by diminishing staggered axonal regeneration and by raising the rate of axonal
growth.

4.3. Passive mobilization

Passive mobilization is usually employed to maintain joint range of motion in paralyzed limbs
as a result of peripheral nerve injury. In cases patients recover from total paralysis, as a result
of successful reinnervation, passive mobilization is replaced by assisted mobilization in which
the therapist aids patients moving their affected joint in the full range of motion. The aim of
these treatments is to maintain joint function during the time damaged nerves regenerate and
to increase muscle strength once reinnervation takes place.

However, passive mobilization might stimulate axonal regeneration as well. This has been
demonstrated by experimental work showing improved end-plate structure, nerve sprouting,
and end-plate reinnervation of extensor digitorum longus muscle as a result of passive
mobilization undertaken during the immediate days post nerve injury [37]. Following facial
nerve neurotmesis and direct cooptation in the rat, whisking function can be restored by
stimulating passively the whisker pad for just few minutes daily [38]. Similar outcome is
achievable in experimental injuries of the hypoglossal nerve [39]. Passive manual exercise does
not alter the number of regenerated motoneurons or the topographic precision of reinnervation
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by the facial motoneurons [38]. However, passive activity of the denervated facial territories
diminishes the number of Schwann cell bridges connecting end-plates of neighbor muscle
fibers and the extent of muscle fibers poly-innervation [38]. Also, recovery of normal whisking
function through passive manual treatment only occurs if trigeminal afferents are intact. In
such cases, manual stimulation is associated with higher number of synaptic inputs onto facial
motoneurons, suggesting that enhanced sensory stimulation achieved with manual stimula‐
tion is able to maintain appropriate levels of activity within the trigeminal-facial neural
pathways [40].

The regeneration of sciatic motoneurons and muscle reinnervation of rat’s hindleg muscles
can also be promoted by passive cycling during the first weeks following sciatic nerve
neurotmesis and end-to-end repair [36]. The effect of passive cycling on M-wave amplitude
and latency, as well as in the magnitude of the electrically-elicited H-reflex, is comparable in
magnitude to that of treadmill exercise [36]. These effects of passive mobilization are very
relevant regarding translation to clinical practice, since patients are usually unable to under‐
take active physical exercise early following peripheral nerve injury.

5. Growth factors

The effect provided by activity-based strategies on axonal survival and regeneration may be
linked with increased production and release of neurotrophins, growth factors, and hormones.

5.1. Neurotrophins

Neurotrophins are a family of extracellular signaling peptides that include the nerve growth
factor (NGF), BDNF and neurotrophin(NT)-3 and NT-4/5. These neurotrophic factors bind to
specific high-affinity tropomyosin-receptor kinase (Trk) receptors and to the low affinity p75
receptor. TrkA is the high affinity receptor for NGF, TrkB is the receptor for BDNF and NT-4/5,
and TrkC is the receptor for NT-3 [41]. Trk and p75 receptors trigger different downstream
intracellular pathways and different cell responses. Low affinity p75 receptors are usually up-
regulated after injury and they seem to hamper axonal regeneration [11].

BDNF plays an important role in mediating the effects of physical exercise on synaptic
plasticity in the brain [42]. Likewise, BDNF plays a crucial role in axonal regeneration based
on several lines of evidence. Following injury, BDNF and their receptors TrkB and p75 are up-
regulated in motoneurons and in denervated distal nerve stump [43, 44], although with
diffrerences in response magnitude and timing between the two places. In motoneurons,
BDNF mRNA expression is rapidly induced following axotomy, then returning to baseline
after a few days. In intact nerves, BDNF is expressed at very low levels but in response to nerve
transection the amount of BDNF mRNA increases steeply and with a magnitude that varies
between different nerves [10]. In response to nerve injury, TrkB gene expression also increases
in facial and sciatic motoneurons. The increase in TrkB mRNA levels begin in the immediate
days post injury, reaches a three-fold peak increase by the end of the first week, and remains
elevated throughout the next three to four weeks [10]. p75 mRNA also is rapidly up-regulated
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in axotomized motoneurons. The time course of p75 mRNA response is similar to that of TrkB
mRNA but the magnitude is three to four-fold higher [10]. Despite the fast and robust increase
in levels of BDNF and respective receptors, exogenous BDNF not always improves regenera‐
tion. At low doses, exogenous BDNF does not produce a clear effect on axonal regeneration of
acutely injured and repaired peripheral nerves though it is able to promote regeneration of
chronic axotomized neurons [45]. Also, large doses of exogenous BDNF impair axonal
regeneration, probably by signaling through p75 receptors [45]. In fact, work on transgenic
mice provides evidence that the TrkB receptor is necessary for adequate axonal regeneration,
whereas signaling through p75 receptor has the opposite effect [11]. Brief electrical stimulation
delivered to the proximal nerve stump immediately postinjury produces a fast and large BDNF
and TrkB mRNAs response [46].

In the brain and in the spinal cord, BDNF expression is up-regulated by voluntary physical
exercise with a magnitude that is in close relationship with the distance traveled [47]. The level
of BDNF mRNA in the cell soma, in axons of spinal motoneurons, and in soleus muscle also
increases after only a few bouts of exercise [48]. Although there is no direct evidence that
physical exercise could increase BDNF levels in axotomized neurons or in the distal nerve
stump following injury, the effect of treadmill exercise in promoting axonal regeneration
requires BDNF expression by parental motoneurons [49]. In fact, treadmill training allows
axons to grow into allografts harvested from Schwann cells BDNF-/-transgenic mice, which
otherwise does not occur. However, in transgenic mice whose motoneurons do not express
BDNF, axons fail to regenerate into grafts from Schwann cells BDNF-/-donors even when
stimulated by treadmill exercise, thus suggesting that treadmill running up-regulates BDNF
expression in regenerating motoneurons and that this is, at least in part, the mechanism by
which treadmill running stimulates axonal regeneration [49]. BDNF and TrkB expression is
also required for the role of passive manual stimulation on facial muscles’reinnervation. In
fact, heterozygous deficient BDNF and TrkB mice, unlike their wild type counterparts, are
unable to respond favorably to the manual passive treatment [50].

The role of the other neurotrophins, namely NGF, NT-3, NT-4/5, in promoting axonal regen‐
eration is less well established, but simply based on changes in their expression following nerve
injury they likely play a less important role compared to BDNF. Following axotomy, expres‐
sion of NT-3 and NT-4/5, as well as that of TrkC, is rapidly down-regulated in parent moto‐
neurons and in the distal nerve stump, whereas NGF levels increase in the distal nerve stump
[10]. Despite being down-regulated, NT-3 treatment increases the number of motoneurons that
successfully regenerate through nerve gaps and improves muscle reinnervation, specifically
in fast contracting muscles [51, 52].

5.2. IGF-1

Insulin-like growth factor-1 (IGF-1) regulates many of skeletal muscle responses to physical
exercise [53]. Muscle fibers increase the expression of IGF-1 in response to contractile activity
and mechanical loading. Acting in autocrine/paracrine fashion, IGF-1 regulates muscle protein
turnover and proliferation, and survival and differentiation of muscle-resident stem cells,
namely satellite cells [53]. Serum levels of IGF-1 also increase as a result of different types of
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exercise, including resistance and endurance exercise [54], due to release from the muscle, liver
and possibly other non-hepatic tissues, stimulated by growth hormone and by the exercise
itself.

Numerous studies confirm the role played by IGF-1 on peripheral nervous system regenera‐
tion [55, 56]. Besides being released by muscle fibers, IGF-1 is also expressed in motoneurons
and Schwann cells. In the nervous system, IGF-1 has a neuroprotective action and promotes
the regeneration of peripheral nerves [57]. In vitro, IGF-1 promotes neurite outgrowth of
cultured motoneurons, whereas in vivo it encourages terminal sprouting in reinnervating
muscles [58].

Physical exercise protects against distinct types of brain injury. Such role of physical exercise
is believed to be due to a higher quantity of IGF-1 entering the brain as a result of its elevated
serum levels by virtue of exercise [59]. Moreover, ischemic brain injury is associated with large
decreases in IGF-1 levels in the sciatic nerve, spinal cord, and brain cortex, probably resulting
from inactivity [60]. Intramuscular administrations of recombinant IGF-1 increases its levels
in the nervous system and in muscles and diminishes brain cortical cell apoptosis and motor
dysfunction [60].

IGF-1 is also necessary for whisking function recovery following facial nerve transection and
direct cooptation [61]. In heterozygous IGF-1-deficient mice, manual stimulation is ineffective
in promoting functional recovery following facial nerve damage [61]. Although it is not
possible to conclude from studies conducted in IGF-1 deficient mice that manual stimulation
raises IGF-1 levels in the muscle or nerve, they demonstrate the supportive role played by
IGF-1 in restoring function following peripheral nerve damage.

5.3. Testosterone

Testosterone and other androgens are important for normal muscle function, particularly
regulating muscle anabolism [62]. Androgens also regulate axonal regeneration [63]. The effect
of androgens in axonal growth varies with the specific nerve, with androgens playing a more
important role in the regeneration of motoneurons in the facial nerve, relative to the sciatic
nerve [63]. Androgens act on axonal regeneration through mechanism associated with the
androgen receptor, as well as by modulation of stress cells’ response, particularly the inhibition
of heat shock proteins [63]. In addition, treatment with testosterone propionate leads to
increased expression of BDNF and TrkB receptor by regenerating facial motoneurons [64].

The positive effect of treadmill running on axonal regeneration seems to be regulated also
by sexual steroids. In mice, the effect of treadmill running on axonal regeneration varies
according to gender and treadmill running protocol [65]. In males, but not in females or
castrated  males,  continuous  one-hour  running  each  day  for  two  weeks  following  com‐
mon fibular nerve cut and repair significantly elevates testosterone serum levels, as well as
accelerates  axonal  elongation  [65].  Nonetheless,  interval  training  running,  comprised  by
bouts of intense running interspersed by periods of recovery, promotes axonal regenera‐
tion  in  female  mice,  although  this  training  leaves  serum  testosterone  baseline  levels
unchanged  in  both  genders  [65].  The  use  of  an  aromatase  inhibitor,  thus  blocking  the
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conversion of testosterone or of its precursors into estradiol, also improves axonal regener‐
ation of common fibular motoneurons in female mice [65], thus suggesting that the failure
of continuous exercise in stimulating axonal regeneration in females might be linked to the
conversion of testosterone to estradiol or, in alternative, to a direct inhibitory effect of the
latter on axonal regeneration.

Notwithstanding the subtleties of the effect of androgens on peripheral nerve regeneration,
serum testosterone also increases acutely in response to physical exercise in human subjects
[66], and this might aid nerve function.

6. Functional recovery

Although the role of physical exercise in enhancing axonal regeneration seems well establish‐
ed, its effect on functional recovery is less clear. In experimental models of peripheral nerve
injury, several different tests are usually employed to evaluate functional recovery, including
neurophysiological evaluation of motor reinnervation, muscle force testing, and behavioral
tests [67]. In the case of sciatic nerve injury, behavioral test based on footprints, such as the
sciatic functional index are commonly used [68]. These tests are non-invasive, relatively simple
to perform and suitable for testing at several different and sequential time points.

Although behavioral tests offer relevant data about the recovery process, they gather only
limited information regarding movement patterns changes and therefore cannot fully assess
functional recovery. Thus, methods for evaluating movement production accurately and to
assess performance of complex tasks requiring sensorimotor integration, such as gait, are
necessary in peripheral nerve injury research [69].

6.1. Gait analysis

In the rat model, the study of limb kinematics during gait is a powerful means to evaluate
functional recovery following peripheral nerve injury. Data of segmental and inter-joint
coordination patterns can be combined with recordings of the electromyographical (EMG)
activity of muscles [70] and ground reaction forces data [71, 72], providing detailed analysis
of movements, including knowledge of joint powers and of the role played by muscles and
other forces in producing the recorded movements.

We have used gait analysis in several occasions to assess the effect of different interventions
following sciatic nerve injury in the rat, including the use of different tubulization procedures
[73], application of biomaterials [74], and use of cellular systems [75, 76].

Figure 3 shows plots  of  ankle joint  kinematics  during the gait  cycle,  including both the
stance and swing phases, prior to sciatic nerve transection and repair and at the end of 2
and  20  weeks  of  recovery  in  groups  of  adult  male  Sprague-Dawley  walking  across  a
walkway. Severe changes in ankle kinematics are easily noticed in animals 2 weeks after
sciatic nerve transection and repair, which of course are expected due to the paralysis of
the muscles crossing this joint. These changes are seen during both the stance and the swing
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phases of the gait cycle. During the stance phase, and in intact animals, the ankle joint first
moves  into  dorsiflexion,  reaching  peak  dorsiflexion  near  midstance,  next  performing
plantarflexion until the end of this phase. Two weeks after sciatic nerve injury, ankle peak
dorsiflexion angle is greatly increased and there is no plantarflexion during the second half
of the stance phase, as a result of the paralysis of the ankle plantarflexor muscles (see also
Figure  4).  During  the  swing  phase,  changes  in  ankle  kinematics  are  even  more  pro‐
nounced. During this phase of the gait  cycle,  the paw is lifted from the ground, moved
forwardly  and  then  placed  again  on  the  ground  for  the  next  stepping.  Therefore,  rats
perform a very fast ankle joint action by which they first retract the limb (necessary for
paw ground clearance) making ankle dorsiflexion and next extend the limb (to advance
and place the paw on the ground again), now doing ankle plantarflexion. This requires fast
contractions of the muscles actuating the ankle joint and fine coordination between ankle
movement and those of the other limb joints. Acutely sciatic-injured animals are unable to
produce such brisk ankle movements during the swing phase and the typical kinematics
of the ankle joint is replaced by a short-range and slow plantarflexion that possibly occurs
passively. After 20 weeks recovery, ankle kinematics is still deeply altered, despite a slight
recovery  of  ankle  plantarflexion  near  the  stance-to-swing  transition  (Figures  3  and  4).
Nevertheless, ankle kinematics during the swing phase remains severely disrupted even by
the end of long term recovery (Figures 3 and 4).

Figure 3. Plots of ankle joint kinematics during the gait cycle prior to sciatic nerve injury and at different times follow‐
ing sciatic nerve transection and repair. Curves represent groups of animals with their transected sciatic nerve treated
with end-to-end repair, autograft or tubulization. Shadowed area depicts the standard deviation around the mean
curves.

The poor recovery of ankle kinematics during gait following sciatic nerve transection and
repair could be explained by limited motoneuron regeneration and lack of muscle reinnerva‐
tion and strength recovery. However, this does not seem to be the case. In another occasion,
we measured the torque produced by the ankle dorsiflexor and plantarflexor muscles in rats
16 weeks following sciatic nerve transection and repair and uninjured animals (unpublished
observations; Figure 5). At the end of 16 weeks of recovery from sciatic nerve transection and
repair, animals can produce relatively large dorsiflexor and plantarflexor torques. In addition,
the torque-angle relationship for both reinnervated dorsiflexor and plantarflexor muscle
groups remains largely unchanged.
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Figure 4. Photographs of an uninjured rat and a rat 16 weeks after sciatic nerve transection and end-to-end repair
collected at approximate instants during the swing (images on the left side) and the stance (images on the right side)
phases of the rat walking. Diagrams connecting the approximate centers of rotation of hip, knee, and ankle, as well as
the fifth metatarsal head are superimposed. The diagrams are for illustration purposes only and are not supposed to
accurately represent the joint angles. Impaired limb kinematics is visible in the sciatic-injured animal during both phas‐
es of the gait cycle.

The very limited recovery of normal gait pattern in rats following sciatic nerve transection
despite significant recovery in muscle strength, demonstrates that axonal regeneration and
muscle reinnervation, although necessary, are not sufficient for functional recovery. The
concept of functional recovery is not always straightforward, particularly in the case of nervous
system disorders. Following peripheral nerve injury, movement compensations emerge to
respond to the disability and to maintain function, as for instance increased knee extension
during walking to compensate the abnormal plantigrade gait [77] (Figure 4). Thereby,
behavioral compensations are important for functional recovery, since they substitute some
lost function, but they also mask disability and may be confounders when evaluating recovery
after peripheral nerve injury, particularly when using more rudimentary tests [72]. Further‐
more, the repeated use of movement compensations may turn them behaviorally fixed, thus
eventually becoming an additional factor hampering further movement normalization [77].

6.2. Promoting spinal cord plasticity by activity-dependent strategies

Peripheral nerve injury causes permanent loss of muscle reflexes and triggers adaptive changes
in the spinal cord and probably also in supraspinal sensorimotor centers that disrupt plan‐
ning and ongoing regulation of movements [78]. Experimental studies with self-reinnervated
single muscles illustrate well the role of changed muscle afferent feedback in regulating interjoint
coordination and complex locomotor function [79]. Muscle self-reinnervation minimizes axonal
misrouting and allows muscle reinnervation and muscle strength recovery. Likewise, hndlimb
joint kinematics and patterns of muscle activity recover to normality despite the self-reinnerva‐
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tion of  ankle  plantarflexors,  but  altered interjoint  coordination appears  if  biomechanical
constraints are imposed, such as walking up or down an incline or at a higher speed [79].

Proprioceptive deficits are the main explanation for changes in limb coordination after self-
reinnervarion of ankle joint plantarflexors [78], and likely also in our sciatic nerve-injured
animals. Reinnervated muscles are unresponsive to a stretch stimulus by virtue of unsuccessful
reinnervation of muscle sensory organs by their specific sensory afferents, inability to rear‐
range central connections of sensory afferents to match changed target (e.g. Ib afferents
changing their target from the Golgi end organ to muscle spindle receptors), and loss of
monosynaptic sensory inputs onto motoneurons (i.e., synaptic stripping) [80, 81].

Spinal cord function, and in particular the recovery of central connections mediating muscle
reflexes, may be ameliorated by up-conditioning of the H-reflex [82]. The strengthening of the
H-reflex response using operant conditioning accelerates the recovery of the M-wave and H-
reflex response in the soleus muscle in rats after sciatic nerve transection and repair [82].
Together with restoration of the electrical component of the muscle stretch reflex, H-reflex up-
conditioning is associated anatomically with higher number of synaptic terminals established
between primary sensory axons and motoneurons in the ventral horn [82].

These results are promising as they show the ability of activity-based interventions to shape
spinal cord plasticity and revert, at least to some extent, nonadaptive secondary changes in
spinal cord circuitry regulating motor output. A more normal kind of activity, in this case

Figure 5. Left panel. Example of recordings of the torque produced during isometric tetanic contractions by the ankle
plantarflexor muscles at different joint angles by an anesthetized rat 16 weeks after sciatic nerve transection and end-
to-end repair. Ankle plantarflexor torque diminishes progressively with increased plantarflexion angle. In the lower
graph, baseline down shifting close to the end of the recording indicates the passive torque generated by the soft
tissue around the ankle joint near the end of the plantarflexion range of motion. Right panel. Mean values for ankle
dorsiflexor (upper graph) and plantarflexor (lower graph) torque from 5 rats, 16 weeks following sciatic nerve transec‐
tion and direct end-to-end repair and from equal number of uninjured control animals.
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treadmill exercise also helps in restoring the H-reflex response in rats following sciatic nerve
transection and repair, while also contributing to a pattern of muscle activation between
antagonistic muscles of the ankle joint during gait better resembling that of uninjured ani‐
mals [83].

7. Translational research and clinical studies

Although the positive effect of increased stimulation of motor and sensory pathways by
natural activities, like treadmill exercise, on nerve regeneration, and possibly also on functional
recovery, seems proven by the research conducted with animal models of peripheral nerve
injury, similar evidence does not exist in the case of human patients. The lack of clear evidence
demonstrating the efficacy of exercise therapy on functional outcomes is reported for condi‐
tions such as carpal tunnel syndrome [84], ulnar neuropathy [85], and Bell’s palsy [86].
Nevertheless, in peripheral neuropathy, resistance exercise might increase muscle strength in
affected muscles [87].

There are several physiotherapy modalities in the treatment of Bell’s palsy which can be
considered activity-based, like exercise therapy, biofeedback and mirror biofeedback, and
relaxation. The results of several controlled randomized trials deny that any of such interven‐
tions brings a clear benefit to functional outcome [86, 88]. However, from a single preliminary
study, there is evidence that active facial exercises are able to improve disability and diminish
the prevalence of synkinesis in chronic facial palsy patients [86].

In carpal tunnel syndrome, exercise approaches are usually centered on nerve gliding and soft
tissue mobilization. Other more holistic approaches, such as yoga, have also been attempted.
In general, nerve gliding and stretching are considered effective in relieving symptoms of
carpal tunnel syndrome by improving blood flow in the nerve, decreasing edema and pressure
on the nerve, and mobilize the adherent medial nerve within the carpal tunnel [84]. Some
studies report small size effect of exercise on measures of functional outcome in carpal tunnel
syndrome, but taking into account studies’ quality and the risk of bias, the overall evidence
does not support a clear additional benefit of exercise or mobilization interventions on
functional outcome in this condition [84]. Notwithstanding, carpal tunnel syndrome is a
chronic condition, with periods of symptoms remission alternating with periods of symptoms
exacerbation, therefore, with distinct physiopathology from that of peripheral nerve acute
injury. However, preliminary results indicate that brief low-frequency electrical stimulation
of the median nerve, applied in the perioperative period after median nerve releasing surgery,
improves axonal regeneration and muscle reinnervation in carpal tunnel syndrome patients,
but without clear improvement in terms of functional outcome [89].

8. Conclusion

Activity-based strategies improve nerve regeneration in rodent models of peripheral nerve
injury. Natural stimulation of damaged motor and sensory pathways reinforces intrinsic
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neurobiological mechanisms of axonal growth, leading to faster and more complete target
reinnervation. Central nervous system plasticity seems to be an important component of
functional recovery of complex and adaptive sensorimotor behavior following peripheral
nerve injury. Rat models may be useful to identify and develop novel activity-based strategies
that stimulate axonal regeneration and central nervous system function, ultimately leading to
improved functional outcome following peripheral nerve injury. Translation of such knowl‐
edge to clinical practice is desirable, although it must be carried out with caution and taking
into consideration the clinical experience.
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