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chapters, each addressing a different topic, ranging from an analysis of the heightened 

risk of peripheral nerve injury in todays modern societies and what this signifies for 
the need in taking decisive action to prevent an increase in the numbers of disabled 

people, to the description of surgical procedures in pediatric patients. The role of 
regenerative medicine, the development of novel rehabilitative strategies, and the 
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book. By reading this book the reader will be offered a general overview of current 
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Preface

Peripheral nerve dysfunction occurs as a result of many different events, including nerve
injury caused by trauma or by other mechanisms, diseases of neurological or metabolic na‐
ture, and infections, among other reasons. In parallel with different causes, peripheral neu‐
ropathy is also characterized by plentiful variation in the type, number and anatomical
location of the nerves that are affected. Hence, peripheral nerve dysfunctions are typically
complex, either because they affect different nerves or because they cause multiple distur‐
bances of motor, sensory and autonomic functions. As a consequence of the complex nature
of peripheral nerve dysfunctions, their management usually requires the contribution of
health professionals with different competences and skills. In few cases, peripheral nerve
dysfunctions resolve spontaneously, without the need for further intervention, such as in
the case of minor traumas or infections. Most frequently, however, the peripheral nerve
damage is severe and extensive denervation ensues. In these unfortunate situations, the re‐
covery of motor and sensory functions in the affected body region occurs only partially or
does not occur at all.

Together with motor and sensory sequels, peripheral nerve dysfunction is also associated
with positive signs and symptoms. A significant number of patients suffering from periph‐
eral nerve damage develop neuropathic pain. This is usually very disabling and neuropathic
pain is often referred to by patients as a prominent reason for impoverished quality of life.
As for other consequences of peripheral nerve damage, the mechanisms triggering neuro‐
pathic pain may reside on injury signaling but are also probably related with the complex
array of molecular and cellular responses set in motion by the injury. Many of such respons‐
es have now been described as a result of the research effort conducted over the last deca‐
des. Hence, crucial neurobiological factors determining the ability of the peripheral nerves
to regenerate and reinnervate their targets have been disclosed. These include the decisive
role played by nerve supportive cells, in particular Schwann cells, and the importance of the
scaffold provided by the regenerating nerve itself. In this respect, the timing of treatment
stands as a key factor for nerve regeneration and end-organ reinnervation success, as the
regenerative potential of the nerve decays with time.

The goal of this book is to give an account of current approaches in the field of peripheral
neuropathy along different perspectives. This book combines research-driven information
and more clinically-oriented topics, bearing on firm clinical experience. Approaching pe‐
ripheral neuropathy from different, although complementary, points of view, the book in‐
corporates a number of chapters that were organized according to their emphasis. The
chapters should offer the reader both a general idea about the purpose and achievements of
current research and more personal points of view, driven by clinical experience and clinical
evidence.
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Chapter 1 by Dr. James opens the book and addresses the importance of paying more atten‐
tion to the heightened risk of peripheral nerve damage nowadays. The chapter analyses why
peripheral nerve injuries are becoming more common in modern societies and drives the
attention to the cost of these injuries, both in terms of health care costs and in the quality of
life of those affected by such events.

Chapter 2 by Dr. Haigang and co-workers addresses the importance of tissue engineering in
treating damaged peripheral nerves. Guiding tubes are already in use for the reconstruction
of small nerve defects, but the continued development of newer biomaterials and the appli‐
cation of cell therapy will hopefully allow their use in the treatment of larger nerve defects
in the future. This chapter specifically analyses the potential role of stem cells-derived neu‐
ral cells and biodegradable polymers in the construction of viable guiding tubes that could
then be used as substitutes for nerve autografts.

Enhancing nerve regeneration, reinnervation and functional recovery following peripheral
nerve injury by physical activity and activity-based strategies is addressed in our own
Chapter 3. This chapter offers an in-depth review of research demonstrating the role of
physical exercise on promoting axonal growth. It also provides a description of molecular
and cellular mechanisms that possibly underlie the action of activity-based interventions.
Also, briefly described is the important role played by the plasticity and modulation of spi‐
nal and supraspinal neural circuitry driven by activity-based interventions in improving
functional recovery.

Chapter 4 by Dr. Nath and Dr. Somasundaram describes surgical treatment of obstetric bra‐
chial plexus palsy, supported on extensive clinical experience and successful outcomes. By
focusing on correcting skeletal deformities, the surgical approach presented in this chapter
drives our attention to the close relationship between innervation, movement and the skele‐
ton and how intervening at such distinct levels is important to enabling function.

Chapter 5 by Dr. Kawano examines diabetic peripheral neuropathy and describes its mecha‐
nisms, as well as the procedures for diagnosing and treating this condition.

We wish that by reading this book the reader will be offered a general overview of current
research and clinical practice surrounding peripheral neuropathy and the many venues for
progress in this field.

Paulo Armada-da-Silva, Ana Colette Maurício and Stefano Geuna
Department of Sports and Health,

Faculdade de Motricidade Humana,
Universidade de Lisboa, Cruz Quebrada,

Portugal

XII Preface

Chapter 1

Mechanisms of Peripheral Nerve Injury – What to Treat,
When to Treat

James L.  Henry

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/58421

1. Introduction

Peripheral nerve injury, sometimes referred to as acquired nerve injury, is a catastrophic injury
that imposes a number of negative outcomes that usually inflict one or more adverse health
conditions or disabilities on its victims. These adverse health conditions and disabilities
frequently place both short-term and long-term burdens on individuals, families, communi‐
ties, the workplace, the health care system and economies in general. Considerable money and
effort have been expended on attempts to lessen, prevent or ameliorate the effects of trauma
on peripheral nerves.

There are many outcomes of neuropathy of peripheral nerves. Neuropathic pain is perhaps
the best documented, largely because of the enormous impact of chronic neuropathic pain on
individuals and the fact that it tends to be refractory to medical treatment [1, 2]. However,
other outcomes of secondary injury to peripheral nerves include, in terms of sensory disturb‐
ance, numbness, dysesthesia (an unpleasant abnormal sensation, whether spontaneous or
evoked), paresthesia (an abnormal sensation, such as tingling, whether spontaneous or
evoked), hypoesthesia (decreased sensitivity to stimulation, excluding the special senses) and
loss of proprioception (possibly contributing to altered gait and to falls). In terms of motor
control, peripheral neuropathy can lead to weakness, loss of movement, loss of corrective
motor control and loss of muscle mass. Neuropathy of the autonomic nervous system can be
manifest as orthostatic hypotension, dysautonomia, altered sudomotor function, and the like.
Injury or damage to nerves or nerve cells can be the result of factors or events that are
unanticipated or unexpected, such as an accident, while other factors or events can be
anticipated, such as a result of chemotherapy or even surgical intervention.

It is the thesis of the present overview that many of the negative outcomes and disabilities of
peripheral nerve injury can be reduced in severity, or prevented altogether, by early interven‐

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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tion with the appropriate methods, procedures and pharmaceutical formulations, continued
for a medically-beneficial period of time.

While there are currently practices and interventions to treat, manage or diminish the negative
outcomes of peripheral nerve injury once they have been established, immediate or early
preventive approaches targeted at the development phase of these outcomes are nonexistent,
few or ineffective. That is, at the time of a traumatic event medical attention focuses on
treatment of immediate symptoms such as bleeding or to avoid infection, but medical attention
does not typically address treatment to prevent the cascade of restorative, or adaptive, and
degenerative, or maladaptive, metabolic and biochemical processes that result from peripheral
nerve injury and that lead to prolonged or permanent adverse health conditions and disability.

Peripheral nerve injury or damage is not only to nerves or nerve cells, but can include damage
to neural support cells, such as satellite cells and myelin cells, and also local circulation. In the
context of the present overview the term "neural support cell" is any cell that supports or could
be considered to support the health, normal function and survival of nerves and nerve cells,
and include myelin cells and satellite cells, astroglia, oligodendrocytes, Schwann cells, vascular
endothelial cells, and the like. Further, the term "neural support tissue" is any tissue that
supports or could be considered to support the health, normal function, phenotype, gene
expression or survival of nerves, nerve cells or support cells, and include the vasculature or
microvasculature, particularly the endothelial cells that prevent blood from leaking into
peripheral nerve tissue and that provide the selective blood-nerve barrier that allows the
passage of certain supportive chemicals into nerve tissue as well as the passage of nerve tissue
wastes out of nerve tissue.

Degeneration of axons or of neural support cells triggers a cascade of activated chemical
pathways that lead to injury to otherwise intact nerve cells, Schwann cells, local vasculature
and even more remote nerve cells by entry of degradation products into the blood circulation.

Trauma can be of many different types. For example, physical trauma can occur in vehicle
accidents, in workplace accidents, sports accidents, on the battlefield, from falls, from assaults,
from landmines and from explosive or other blasts, and the like, but can also occur as a result
of surgical or other medical procedures.

Chemical trauma to nerves or nerve cells or neural support cells or neural support tissues can
occur, from alcohol overdose, drug abuse, stimulant drugs such as pentylenetetrazol, carbon
dioxide poisoning, acrylamide and related chemicals, overexposure to certain environmental
chemicals such as copper or natural hazards such as scorpion venom toxin, herbicides,
agricultural insecticides such as lindane, many industrial chemicals, neurotoxin bioterrorism
chemicals such as soman and sarin, as well as radiation bioterrorism chemicals such as
polonium and strontium.

Medically-induced trauma to nerves or nerve cells or neural support cells or neural support
tissues can occur as a result of surgery, amputation, injections, laparoscopy, implants, during
a medical procedure that reduces or impedes the blood supply to any tissue containing nerve
cells for any period of time as described herein, chemotherapy (for example from methotrexate,
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cisplatin, cytosine arabinose, carmustine, thiotepa among others), radiation therapy, immu‐
nosuppressants (such as tacrolimus).

Surgery in and of itself can produce other types of trauma that are injurious to nerves, nerve
cells and nerve support cells and neural support tissues. For example, the life-saving benefits
of cardiac surgery are frequently followed by manifestations of damage to peripheral nerves
and chronic neuropathic pain, which remains a significant complication of cardiac surgery and
occurs with an incidence of 15% [3]. In a ten-year overview it was reported that chronic post-
surgical pain constitutes a significant medical need that may be amenable to be reduced or
prevented [4]. The incidence of persisting pain following amputation is 50-85%, that of
intrathoracic surgery is 30-55%, mastectomy is 20-50%. Persisting pain after even simple
procedures such as hernia repair and cholecystectomy are reported to be 5-35% and 5-50%,
respectively. Post-sternectomy pain has been reported to be as high as 28% [5], hysterectomy
as high as 32% [6], caesarean section as high as 12-18% [7, 8]. These are all astounding numbers,
especially given the position taken here that the persisting pain may be reduced or prevented
by appropriate and timely pharmaceutical intervention.

Similarly to medical surgical procedures, the incidence of peripheral nerve injury resulting
from medical chemotherapy procedures has been underappreciated. A recent systematic
review [9] has calculated that the prevalence of patients with neuropathic pain as a result of
chemotherapy varies between 19% and 39%. Neuropathology-inducing chemotherapy drugs
include paclitaxel, bortezomib, ixabepiline and oxaliplatin, as examples.

Broader than chemotherapy, peripheral neuropathy resulting from medications and toxic
chemicals may also be preventable. Drugs that can trigger peripheral neuropathy include some
antibiotics, as well as drugs for other disorders, including infliximab, etanercept, leflunomide,
linezolid, statins, dichloroacetate and others [10-12]. A number of industrial chemicals also
have the potential to induce peripheral neuropathy [12, 13]. Based on available knowledge,
these types of peripheral neuropathy can be reduced or prevented if the appropriate medical
intervention is applied early.

2. Secondary injury resulting from peripheral nerve trauma

Peripheral nerve injury generally consists of two related processes, the initial injury and a
secondary injury [14] that results from cascades of self-propagating metabolic and biochemical
processes that lead to loss of cell function and cell death. Disability occurs to a large extent
from the secondary injury that is triggered by the primary injury. Whether the numbers are
large, as in the case of battlefield peripheral nerve injury, or small, as with falls in the elderly,
peripheral nerve injury can be devastating to the individual. Whether the numbers are large,
as those resulting from car accidents, or small, such as those resulting from laparoscopic
surgery, the result of peripheral nerve injury can be a future of constant burning, debilitating
neuropathic pain and other adverse health conditions.

In the context of the present overview the term "secondary injury" or "secondary damage",
terms that can be used interchangeably for the present context, means any damage, injury,
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peripheral nerve injury can be devastating to the individual. Whether the numbers are large,
as those resulting from car accidents, or small, such as those resulting from laparoscopic
surgery, the result of peripheral nerve injury can be a future of constant burning, debilitating
neuropathic pain and other adverse health conditions.

In the context of the present overview the term "secondary injury" or "secondary damage",
terms that can be used interchangeably for the present context, means any damage, injury,
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harm, loss, change in structure, change in phenotype, change in gene expression or change in
function or survival of nerves, nerve cells, neural support cells or neural support tissue that
occurs after a traumatic event and develops over the seconds, minutes, hours, days, weeks or
even months following such an event. Secondary injury or secondary damage is usually
considered to result from consecutive or parallel biochemical cascades of cellular and meta‐
bolic processes that are activated or triggered by the trauma-induced direct tissue damage to
a peripheral nerve. Secondary injury or secondary damage is usually considered to involve
endogenous processes or biosynthetic pathways that govern, regulate or influence the
structure, health, function, gene expression or survival of nerves or nerve cells, or cells or
tissues upon which nerves or nerve cells depend to maintain health and function, such as
neural support cells and neural support tissues often with delayed clinical presentation [14].
Whereas a primary injury is irreversible [15], this secondary injury is salvageable [14]. This
secondary injury is a neuropathology that can be reduced or prevented by appropriate and
timely intervention.

3. Functional outcomes of peripheral nerve injury

Neuropathic pain is defined as pain caused by damage, lesion, disease or altered function of
the peripheral somatosensory nervous system and is characterized as a constant burning pain
accompanied by hyperesthesia (increased sensitivity to stimulation, excluding the special
senses). Hyperesthesia is usually clarified in clinical use as either hyperalgesia (increased pain
from a stimulus that normally provokes pain) or allodynia (pain due to a stimulus that does
not normally provoke pain). Neuropathic pain may also include periodic attacks of pain that
feel like electric shocks or shooting pain.

In understanding mechanisms of peripheral neuropathic pain it is important to distinguish
this type of pain from nociceptive pain and inflammatory pain. Nociceptive pain is pain that
arises from actual or potential damage to non-neural tissue and is due to the activation of
nociceptors in these tissues. Nociceptive pain functions to protect from potential tissue damage
or from further tissue damage, and triggers physiological and behavioural reflexes to avert
damage. Inflammatory pain is pain that is triggered by inflammation and serves to aid in
healing and repair of injured non-neural tissue. Each of nociceptive and inflammatory pain is
brought about by a specific set of mechanisms and each has a specific treatment algorithm.
Neuropathic pain is different, not only with respect to underlying mechanisms and treatments
[16], but it is considered to be a maladaptive pain, as this type of pain neither protects nor
supports healing and repair.

4. Processes and mechanisms leading to peripheral neuropathology
following peripheral nerve trauma

Trauma to a peripheral nerve has effects on sensory neurons, on motor neurons controlling
skeletal muscle and on autonomic efferent neurons controlling the cardiovascular system and
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organs. This accounts for the range of outcomes of peripheral nerve trauma indicated above.
As much of the research in this area is focussed on symptoms, available knowledge tends to
be clearly fractionated into the bases of sensory loss, motor loss or autonomic dysfunction.

The overriding research on sensory loss pertains to peripheral neuropathic pain, which will
be surveyed here to exemplify the pathophysiological changes that occur in peripheral nerves
more generally. Even here, though, much attention is focused on changes in the central nervous
system [17], particularly at the level of the first sensory synapse in the spinal cord and in the
brain stem [18, 19]. As a result, treatment options tend to focus on targets within the central
nervous system [20-22]. Research also tends to focus on the incidence of neuropathic pain
rather than on underlying neuropathological processes [18]. Notwithstanding this orientation,
the first step here will be to examine the changes in peripheral nerves that result from injury.

Understanding pathophysiology arising from peripheral nerve trauma is further complicated
by the various types of trauma, which consist largely of a total cut of a peripheral nerve, a
partial cut, an event-triggered compression, a slowly-developing compression (such as from
a tumour), and a degeneration of nerve cells or of neural support cells and neural support
tissues. Total and partial cuts as well as event-triggered compression can occur as a result of
an accident, a violent act or surgery. Degeneration can be induced, for example, by chemo‐
therapy. Physical, surgical and chemical events provide a start time for medical care [4, 12,
23]. As post-herpetic neuralgia is associated with a time-locked event, which is the start of the
symptoms of shingles, this type of neuropathic pain is included in this overview [24-26], as
would be any other infection-or inflammation-induced neuropathy that is time-locked.

Multiple pathophysiological, neurochemical, and anatomical changes are triggered by
peripheral nerve injury, whereby a simple focal peripheral nerve injury unleashes a range of
peripheral as well as central nervous system processes that contribute to persistent pain and
abnormal sensation. Repair mechanisms of neural tissues in response to injury, and the
reaction of adjacent tissues to injury lead to a state of hyperexcitability in primary afferent
nociceptors [27], a phenomenon termed peripheral sensitization. In turn, central neurons
innervated by such nociceptors undergo dramatic functional changes including a state of
hyperexcitability termed central sensitization [28].

Normally these sensitization phenomena extinguish as the tissue heals and inflammation
subsides. However, when primary afferent function is altered in an enduring way by injury
or disease of the peripheral nerves, these processes persist, become chronic and may be highly
resistant to treatment.

Much of what has been learned regarding the pathophysiology of injury causing neuropathic
pain has come from animal studies. Human laboratory studies, although limited in number,
support the idea that the pathophysiological mechanisms discovered in animal models are
valuable and relevant to our understanding of human neuropathic pain [29, 30]. There are
several animal models of peripheral neuropathic pain, largely based on the types of primary
injury or trauma that lead to peripheral neuropathic pain in humans [31-39].

Effects of peripheral nerve injury in these models include major changes in the properties of
nerve cells and their support cells, particularly the Schwann cells. Changes in sensory nerve
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23]. As post-herpetic neuralgia is associated with a time-locked event, which is the start of the
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would be any other infection-or inflammation-induced neuropathy that is time-locked.
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peripheral nerve injury, whereby a simple focal peripheral nerve injury unleashes a range of
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abnormal sensation. Repair mechanisms of neural tissues in response to injury, and the
reaction of adjacent tissues to injury lead to a state of hyperexcitability in primary afferent
nociceptors [27], a phenomenon termed peripheral sensitization. In turn, central neurons
innervated by such nociceptors undergo dramatic functional changes including a state of
hyperexcitability termed central sensitization [28].

Normally these sensitization phenomena extinguish as the tissue heals and inflammation
subsides. However, when primary afferent function is altered in an enduring way by injury
or disease of the peripheral nerves, these processes persist, become chronic and may be highly
resistant to treatment.

Much of what has been learned regarding the pathophysiology of injury causing neuropathic
pain has come from animal studies. Human laboratory studies, although limited in number,
support the idea that the pathophysiological mechanisms discovered in animal models are
valuable and relevant to our understanding of human neuropathic pain [29, 30]. There are
several animal models of peripheral neuropathic pain, largely based on the types of primary
injury or trauma that lead to peripheral neuropathic pain in humans [31-39].

Effects of peripheral nerve injury in these models include major changes in the properties of
nerve cells and their support cells, particularly the Schwann cells. Changes in sensory nerve
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cells include spontaneous ectopic action potential generation, persisting sensitization of
sensory nerve cell peripheral terminals, and increased release of excitatory neurotransmitters
from their central nerve terminals [27, 40-42]. Other changes in sensory nerve cells include a
change in function [43], changes in the expression of cell constituents such as sodium channels
[44] and changes in the expression of neurotransmitters [45, 46], including de novo expression
of substance P in large fibre, non-nociceptive sensory neurons [40]. While there is currently no
universally effective treatment for peripheral neuropathic pain, one that is included in the
algorithm of treatment regimens is gabapentin [16, 21], which it thought to act by reducing the
release of excitatory neurotransmitters from the central terminals of sensory neurons [47, 48];
this action is thought to occur through inhibition of the influx of calcium into the nerve
terminals, which is necessary for synaptic release mechanisms [49].

Two major hypotheses have been put forward to explain the role of sensory neurons in the
generation of neuropathic pain [27]. One is the classic “excitable nociceptor hypothesis”, which
implicates a reduced response threshold in nociceptive small C-fibre sensory neurons. Another
hypothesis suggests ectopic impulse activity is generated in low threshold mechanoreceptor
large fibre Aβ sensory neurons and that this activity is abnormally “amplified” in the spinal
cord by central sensitization [27, 50]. The hypothesis implicating C-fibre sensory neurons in
causing neuropathic pain is mainly based on the abnormal spontaneous activity observed in
these neurons. However, several studies have shown that large fibre sensory neurons undergo
significant changes in their electrophysiological properties as well as other phenotypic
changes, such as the expression of substance P [51-53]. Further studies have shown that large
fibre Aβ neurons, not the small C-fibre sensory neurons might be the major drivers of stimulus-
evoked neuropathic pain and tactile allodynia [54].

Irrespective of these outcomes of peripheral nerve injury, which manifest in established
neuropathic pain, the focus of the present overview is on the mechanisms and processes that
lead to these outcomes. A consensus is that once these processes are set in place the resulting
neuropathic pain is relatively refractory to medical treatment. The present overview therefore
addresses the initial changes in peripheral nerve cells, neural support cells and neural support
tissues that lead to long-term or permanent pathology, adverse health outcomes or disability.

5. Triggering events and cellular processes leading to adverse outcomes

Specific mechanisms triggered by injury to sensory nerve cells vary depending on the site of
the trauma and the type of trauma [55]. There is also a reported difference in the restorative
and degenerative processes activated between immature and mature rat models [56].

A cut to an axon induces an immediate influx of calcium, which disrupts the ionic balance of
the nerve cell and initiates transport of a number of intracellular and extracellular chemicals
to the nerve cell body in the dorsal root ganglion [57], contributing to spontaneous ectopic
activity in small diameter normally nociceptive neurons and/or in the large diameter normally
non-nociceptive neurons (summarized in [18, 27, 58]). Other changes are also induced in nerve
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cell bodies in the dorsal root ganglia when injury occurs to the axons, including chromatolysis,
displacement of the cell nucleus, cell shrinkage and a decrease in axonal transport [59].

Abrupt non-cutting trauma can also cause injury to axons, which then begin to degenerate
over the next several days [60, 61], leading to cell death in a delayed, progressive process [62].
Degeneration of the central and peripheral terminal projections of the damaged and dying
nerve cells leads to sprouting of the terminal projections of neighbouring undamaged nerve
cells, constituting a morphological reorganization of the spinal cord neuronal circuitry [63]
and perhaps also of the peripheral innervations of tissues.

Trauma to the axon also alters the normal flow of proteins orthogradely toward the cell body
in the dorsal root ganglion, and retrogradely toward the peripheral terminal along intracellular
filaments. This alters the information arriving to the protein assembly mechanisms in the cell
body and this leads to changes gene expression of proteins. Changes in gene expression follow
a temporally specific pattern [64], indicating that different cellular contents are produced at
varying times following trauma to a peripheral nerve. In addition to changes in the expression
of proteins there are also changes in the cellular distribution of these proteins, particularly of
sodium and calcium channels [65], which are critically involved in neuronal excitability and
conduction. Changes in gene expression and generation of specific proteins are particularly
relevant to secondary injury including changes in the expression of neurotransmitters, such
as substance P, of trophic factors such as brain-derived neurotrophic factor and other factors,
as well as kinases and other degradative enzymes [45, 66].

Changes in expression and distribution of calcium channels have received particular attention.
Expression of the α-2-δ subunit of voltage-gated calcium channels is increased in neuropathic
pain models and this increase correlates with the onset and duration of pain scores [67]. The
anticonvulsant, gabapentin, and its derivative, pregabalin, are both reported to bind to the
α-2-δ subunit of voltage-gated calcium channels and inhibit transport of this subunit to nerve
terminals [68]. Gabapentin and pregabalin have both shown clinical efficacy for treating
chronic neuropathic pain in humans [16, 69, 70].

Changes also occur in Schwann cells. Any changes in the supporting Schwann cells are
important to understand because of their pivotal role in sustaining the physiological properties
of peripheral nerve cells and because they are involved in a degenerative process termed
'Wallerian degeneration' [71]. Schwann cells are the glial cells of the peripheral nervous system,
and include myelinating cells and non-myelinating satellite cells. Dysfunction of Schwann cells
is at the basis of several peripheral nerve disorders, such as Guillain-Barré disease and Charcot-
Marie-Tooth disease [72-74]. As the Schwann cells decompose so do the myelin sheaths. The
products of this decomposition trigger proliferation of new undifferentiated Schwann cells
that align along the Bungner's bands that constitute the tubes within which the nerve bundles
are contained, along with their support cells. Toll-like receptors are strongly induced by
axotomy, they are critically involved in degeneration [75.76] and they lie at the crossroads of
peripheral nerve pathology and pain [77].

Changes also occur in other non-neuronal cells, affected by axonal degeneration and Wallerian
degeneration of axons. Macrophages and lymphocytes as well as immune cells from the blood
infiltrate dorsal root ganglion cells and are attracted to the site of nerve damage [71, 78]. This
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chemical milieu contains many components that impact on all cell types, including neurotro‐
phic factors such as brain-derived neurotrophic factor, glial-derived neurotrophic factor, nerve
growth factor and neurotrophin-3 [79-82], pro-and anti-inflammatory cytokines such as tumor
necrosis factor (TNF-α), interleukin-1α (IL-1α), interleukin-1β (IL-1β), interleukin-6 (IL-6),
interleukin-10 (IL-10) and leukemia inhibitory factor [83, 84] and the chemokine monocyte
chemoattractant protein-1 [85]. Axon-promoting chemicals are thought to provide support for
regrowing axons [83]. Some components are thought to cause increased excitability of
undamaged axons as a cause of neuropathic pain [86]. Even cutting ventral roots has been
shown to lead to neuropathic pain behaviour in rats [87], presumably due to the migration of
chemicals from degenerating nerve and neural support cells associated with motor control to
intact neighbouring sensory neurons [88-90].

Peripheral nerves travel alongside blood vessels and trauma to the nerve often physically
disrupts the blood-nerve barrier, allowing the milieu of chemicals produced by axon and
Schwann cell degeneration to enter the bloodstream, which then carries these chemicals to
remote parts of the body, including direct access to uninjured dorsal root ganglia, the enteric
nervous system and the central nervous system [91]. This tends to carry peripheral nerve injury
to remote sites beyond the site of a primary injury.

6. Processes and mechanisms of the changes in spinal cord resulting from
peripheral nerve injury

Although the focus of the present overview is on peripheral nerve injury, changes in sensory
nerve cells produce changes in spinal cord nerve cells, glial cells and other neural support cells,
and it is generally held that some of the outcomes of peripheral nerve injury may be brought
about as a result of changes in the spinal cord. For example, peripheral nerve injury produces
excessive excitation and activation of sensory neurons, which causes excessive release of
glutamate, substance P and other neurotransmitters from their central terminals in the spinal
cord and brain stem. Besides leading to central sensitization, released neuropeptides regulate
gene expression and therefore the phenotype of neurons in the spinal cord and brain stem [92].
Outcomes of peripheral nerve injury in animal models have been reported to include major
changes in the properties of spinal neurons and spinal neural support cells and neural support
tissues [93-95]. Peripheral nerve injury has also been reported to produce changes in the
processing of sensory information at the spinal and supraspinal levels [96-101].

As a result of acute peripheral nerve injury, discharge from both damaged and adjacent intact
primary afferent fibres becomes abnormal. This modified afferent drive in turn has been
reported to elevate the excitability and discharge of dorsal horn neurons [43, 102] and to induce
changes in sensory processing at the level of the spinal dorsal horn including altered calcium-
dependent signal transduction mechanisms [103], a shift in anion gradient [104], microglial
activation [105], decreased inhibitory mechanisms [58], apoptosis [106] and others. It is thought
that this modified sensory processing at the level of the spinal dorsal horn, termed central
sensitization [50, 107, 108] or long term potentiation [109], contributes to neuropathic pain by
exacerbating excitatory transmission to supraspinal structures.
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In view of the evidence that central sensitization in humans is maintained by a constant barrage
of synaptic activity from primary afferent nerve cells [58, 110] it is important in understanding
mechanisms of neuropathic pain to understand the properties of primary sensory neurons and
how they adapt to or change in response to nerve injury. It is at these properties, particularly
at the processes that are involved in the initial stages of neuropathology, that early pharma‐
ceutical intervention can be aimed.

7. Standard treatment following peripheral nerve injury

For complete cut of a peripheral nerve a standard procedure is nerve repair or nerve grafting,
but this approach remains suboptimal and is usually performed long after the cut has occurred.
Axons have the capacity to regrow, but this is often incomplete or the regeneration misses the
original tissue target. As a result there has been a wealth of research on mechanisms of
regeneration and respective treatment modalities. Yet, outcome generally remains poor.

To make matters worse, leaders in the field of pain have suggested that "there is little evidence
that chronic postsurgical pain can be prevented" and they cite papers such as those by Kehlet
et al. [23], Gartner et al. [111] and Katz and Seltzer [112]. In fact, this assessment might just be
correct, as the concept of 'prevention' of postsurgical chronic pain is usually embedded in the
concept of peri-surgical anaesthesia [113-115] rather than control of the degenerative processes
that lead to secondary injury to nerve cells and Schwann cells in peripheral nerves. This latter
approach is not included in steps to prevent postsurgical pain, let alone a rationalized,
combination therapy based on a timed sequence of pharmaceutical interventions aimed at
reducing or preventing the processes involved in secondary injury to these cells. The consensus
therefore teaches away from this rationalized approach toward techniques that have been
proven by evidence to be relatively ineffective, condemning multiples of thousands each year
to a life of unending refractory pain.

Numerous efforts have been made to develop new and effective drugs and other approaches
to treat neuropathic pain. Some treatments have been found to have beneficial effects. These
include treatment with multimodal analgesics [116], anticonvulsants [16, 21], botulinum toxin
[117, 118], peripheral nerve electrical stimulation [119, 120], as have invasive approaches such
as spinal cord stimulation [121] and administration of stem cells [122]. However, these are
aimed at treating existing pain. What are not being explored are new treatments to prevent
the onset of neuropathic pain or any other of the sensory, motor of autonomic adverse sequelae
of peripheral nerve injury.

8. Limitations to incentives to prevent secondary injury to peripheral
nerves

Trauma to peripheral nerves is not considered life threatening, whether physical, chemical,
metabolic or surgical. As a result there is limited incentive to pursue medical interventions,
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In view of the evidence that central sensitization in humans is maintained by a constant barrage
of synaptic activity from primary afferent nerve cells [58, 110] it is important in understanding
mechanisms of neuropathic pain to understand the properties of primary sensory neurons and
how they adapt to or change in response to nerve injury. It is at these properties, particularly
at the processes that are involved in the initial stages of neuropathology, that early pharma‐
ceutical intervention can be aimed.
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but this approach remains suboptimal and is usually performed long after the cut has occurred.
Axons have the capacity to regrow, but this is often incomplete or the regeneration misses the
original tissue target. As a result there has been a wealth of research on mechanisms of
regeneration and respective treatment modalities. Yet, outcome generally remains poor.

To make matters worse, leaders in the field of pain have suggested that "there is little evidence
that chronic postsurgical pain can be prevented" and they cite papers such as those by Kehlet
et al. [23], Gartner et al. [111] and Katz and Seltzer [112]. In fact, this assessment might just be
correct, as the concept of 'prevention' of postsurgical chronic pain is usually embedded in the
concept of peri-surgical anaesthesia [113-115] rather than control of the degenerative processes
that lead to secondary injury to nerve cells and Schwann cells in peripheral nerves. This latter
approach is not included in steps to prevent postsurgical pain, let alone a rationalized,
combination therapy based on a timed sequence of pharmaceutical interventions aimed at
reducing or preventing the processes involved in secondary injury to these cells. The consensus
therefore teaches away from this rationalized approach toward techniques that have been
proven by evidence to be relatively ineffective, condemning multiples of thousands each year
to a life of unending refractory pain.

Numerous efforts have been made to develop new and effective drugs and other approaches
to treat neuropathic pain. Some treatments have been found to have beneficial effects. These
include treatment with multimodal analgesics [116], anticonvulsants [16, 21], botulinum toxin
[117, 118], peripheral nerve electrical stimulation [119, 120], as have invasive approaches such
as spinal cord stimulation [121] and administration of stem cells [122]. However, these are
aimed at treating existing pain. What are not being explored are new treatments to prevent
the onset of neuropathic pain or any other of the sensory, motor of autonomic adverse sequelae
of peripheral nerve injury.

8. Limitations to incentives to prevent secondary injury to peripheral
nerves

Trauma to peripheral nerves is not considered life threatening, whether physical, chemical,
metabolic or surgical. As a result there is limited incentive to pursue medical interventions,
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methods and procedures to reduce or prevent secondary peripheral nerve injury that results
from trauma. For example, there is no appreciation of immediacy in medical intervention.
Research on medical intervention for neuropathic pain focuses on treatment of an existing
condition, once a complete diagnosis has been made. Complete or correct diagnosis can take
weeks, months or even years. Standard treatment following peripheral nerve trauma typically
involves drugs that reduce the pain intensity. Thus, in the pursuit of new drugs, neuropathic
pain resulting from peripheral nerve trauma is becoming understood in terms of a static, or
an established, condition. The processes that are involved in the initial pathophysiology of
peripheral nerve injury remain poorly understood and few efforts are being made to under‐
stand or to intervene in these processes.

A second limit to incentive to understanding the pathophysiology of peripheral nerves is that
a major focus of research has been on the changes in the spinal cord and other central nervous
system structures that result from peripheral nerve trauma [123]. As a result, much of the
research on the pathophysiology of neurons and neural support cells in neuropathic pain has
focused on changes in the spinal cord, where the predominant concepts are 'central sensitiza‐
tion' or 'long-term potentiation' [108, 124] and 'neuroplasticity' [125], as mechanisms under‐
lying the pain. While this is important, it has tended to shift focus away from the changes in
peripheral nerves and the role of primary afferent drive in the mechanisms of neuropathic pain
[27, 43, 102].

There is a rich literature pertaining to pharmacological treatments for peripheral neuropathic
pain as an existing condition, summarized in a number of thorough reviews [16, 20-22, 126].
This abundant literature is largely due to the fact that neuropathic pain is a particularly
debilitating type of chronic pain, yet it remains refractory to medical treatment in a large
number of patients. Despite this huge medical need, there is little information or drive with
regard to reducing or preventing the development of peripheral neuropathic pain, which is
the focus of the present overview.

9. New approaches to minimize secondary injury following peripheral
nerve injury

Despite abundant information regarding the processes and mechanisms of the changes in the
periphery and in the spinal cord, there appears to be little effort being made to understand
these processes and mechanisms or to develop new therapeutics to prevent trauma-induced
secondary injury in peripheral nerves. Steps to reduce or to prevent the development of
neuropathic pain are not generally considered in medical practice, other than steps to avoid
traumatic events. Prevention, from a medical intervention standpoint, is not found in consen‐
sus statements.

Novel therapies under development retain the focus on treatment of an existing symptom.
Steps to reduce or prevent secondary nerve injury following peripheral nerve trauma through
immediate medical intervention do not appear in major national statements or reports, such
as the US National Pain Care Policy Act of 2009, the 2011 Annual Report of the Chief Medical
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Officer of the United Kingdom, or the 2011 report of the US Institute of Medicine, "Relieving
Pain in America. A Blueprint for Transforming Prevention, Care, Education and Research".

Given the enormous impact of trauma-induced peripheral neuropathology and its sequelae
on individuals, on families, on the healthcare system and on the economy, and the enormous
social impact specifically of abuse of pain-relieving drugs, this presents an opportunity to
exploit the limited knowledge we have regarding mechanisms underlying the secondary
injury to peripheral nerves following traumatic events, to develop effective medical interven‐
tion to reduce or prevent the secondary processes that lead to peripheral nerve pathology.

Some insights into possible therapeutic approaches have come from animal studies, which
have shown that peripheral neuropathy resulting from physical trauma is preventable when
immediate and appropriate therapy is introduced [127] but is not preventable when treatment
is delayed [128-131]. There is limited evidence that immediate or at least early medical
intervention may have beneficial effects on long-term outcome. For example, immediate but
not prolonged treatment with either an NK-1 receptor antagonist [130] or with progesterone
[129] has been shown to have long-term benefit in an animal model of peripheral nerve injury.
In fact, a recent study on early treatment with peripheral nerve stimulation of soldiers on the
battlefield has reported improved functionality and opioid use reduction [120], a point well
made as extremity trauma is a relatively more common medical condition in battle now
because of advances in body armour [132].

As described above, due to the plethora of mechanisms that are triggered by event-related
trauma to peripheral nerves combinatorial approach to reducing or preventing secondary
injury to peripheral nerves may be necessary. There is presently no therapeutic approach to
prevent or reduce the adverse health conditions or disability that result from trauma-induced
damage to peripheral nerve cells, peripheral neural support cells or peripheral neural support
tissues. There is little research directed at translation of new discoveries from animal studies
to preventing or reducing peripheral neuropathology in humans and, as a result, until this
invention there is little evidence or indication that this medical need will be met.

10. Recommendations for future research.

If new, appropriate therapeutics are to be developed in order to prevent or limit the disability
that ensues from peripheral nerve injury, such therapeutics will have to target the biochemical
and metabolic processes triggered by trauma, and therefore research is needed to understand
these processes beyond what has been described in this overview. Further, from this under‐
standing novel targets need to be identified that offer opportunities to develop novel thera‐
peutics.

Injury triggers cascades of cellular, biochemical and metabolic processes, some of which tend
to return nerve cells, neural support cells and neural support tissues toward normal function
and cell health. Some changes tend to drive nerve cells, neural support cells and neural support
tissues toward loss of cell function or cell death. The former group of processes is considered
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to be restorative or adaptive processes. The latter group of processes is considered to be
degenerative or maladaptive. The eventual outcome at the cellular and tissue levels is
determined by or results from the balance of all the restorative and degenerative processes
triggered by or resulting from the primary injury and its sequelae. Indeed, the damage caused
by these secondary processes can be as serious and extensive as, or even more serious and
extensive than, that caused by the primary trauma. Secondary processes also progress over
time so that injury and damage can continue over the days, weeks and even months after the
initial injury. Further, the secondary processes can also progress spatially so that injury and
damage can spread spatially and manifest at sites remote from the site of the primary trauma
to other peripheral nerves.

This balance can be tipped toward normal function and health by appropriate pharmaceutical
intervention at the appropriate time. This can be achieved because of the chemical nature or
basis of the restorative and degenerative processes occurring at the cellular, biochemical and
metabolic levels.

As indicated above, there are many targets or points of entry for pharmaceutical promotion,
facilitation or potentiation of restorative processes to tip this balance toward function and
health, and there are many targets or points of entry for pharmaceutical inhibition, lessening
or blocking of degenerative processes that tip this balance away from function and health
toward loss of function, adverse health conditions or disability. It is recommended, then, that
future research focus on understanding these mechanisms and identifying potential targets
for development of new therapeutic approaches.

11. Conclusions

Conventional or standard treatment of trauma typically consists of minimizing the symptoms
of the immediate, or primary, traumatic injury. With conventional or standard methods and
treatments, attempts are made to minimize these immediate symptoms. Standard treatment
for any persisting loss of function or disability that results from the initial trauma is typically
treated by rehabilitation, which is usually initiated after there has been overt recovery from
the traumatic event itself. Initiation of rehabilitation typically comes weeks or even months
later, when the adverse health conditions or disability are clear and obvious.

In significant contrast, it is suggested here that in addition to standard emergency or critical
care at the time of an accident or trauma specific actions be directed toward mitigating or
ameliorating the sequelae of post-trauma effects that are an indirect result of a primary trauma
and that are expressed as a result of the balance of restorative and degenerative processes.

Presently, there is a gap in medical care between standard practice to treat a primary injury or
damage at the time of trauma, and standard practice to rehabilitate. The suggestion here is to
address this gap by understanding and promoting processes that drive toward recovery and
restoration of cell health and function and at the same time inhibiting processes that drive
toward loss of cell function and cell death.
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Significantly, the point of differentiation between conventional or standard methods and the
present position is the difference between the treatment of the symptoms of the primary injury,
and formulations, methods and procedures taken at or about the time of trauma to prevent or
lessen damage from the secondary sequelae that may or are likely to occur.

The cascades of mechanisms leading to secondary injury are triggered within minutes to hours,
yet continue to occur over the ensuing days and weeks. As a result, symptoms of secondary
injury manifest over such periods, and the present position argues to reduce or prevent the
manifestation or expression of these symptoms of secondary injury, which are known on the
basis of incidence studies to occur.

There is a general acceptance that disability results from trauma. Incidence studies indicate
that a certain number of people in a population will go on to develop disability following
trauma of any given type. Medical attention has not typically been directed at reducing these
numbers, or preventing them altogether. Instead, it tends to be directed at saving life and
addressing the immediate condition and symptoms. Yet, much of the disability that ensues as
a result of trauma is brought about by secondary injury processes, largely biochemical, which
can be modified by appropriate pharmaceutical intervention. Trauma-induced disability can
thus be considered an unaddressed medical need. The present position here is that the number
of people who go on to develop disability following trauma can be reduced. Further, the
severity of disability of those that develop a disability can be reduced. The scope and the spirit
of the present overview are directed toward this unaddressed need, both by reducing the
number of victims of trauma that go on to develop adverse health conditions and disability,
as well as by reducing the severity of disability in those who are left with trauma-induced
health conditions.
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1. Introduction

The nervous system consists of the peripheral nervous system (PNS) and the central nervous
system (CNS). Most functions of the nervous system are performed by neurons, such as
movement and sense. But neurons lose the proliferation ability after maturation. Under
pathological conditions, injured neurons will degenerate and die. Eventually, patients will lose
some of the normal functions [1]. Although astrocytes are required for neurogenesis, synaptic
maturation and neuronal activity maintenance, in current opinions, neurological diseases are
caused by neurodegeneration or neuronal cell death. How to stimulate the neuroregeneration
is still a key challenge in both fundamental and clinical research. Thus far, scientists have made
a lot of efforts to develop drugs and devices to stimulate the functional recovery after nerve
injury. There are no efficient methods available to stop or reverse neurodegeneration or
neuronal cell death [2].

Current strategy for peripheral nerve injuries when the gap is less than 5 mm is to join the
distal and proximal stumps of the damaged nerves by microsurgery. When the gap is longer
than 5 mm, direct microsurgery will cause the tension of nerve fibers. A nerve graft needs to
be used to fill the gap and make the connections between the distal and proximal stumps of
the damaged nerves, in order to facilitate the regenerated nerve fibers to find their targets
easily during the recovery [3, 4]. Autogenous nerve grafts require a second surgery to isolate
the donor nerve tissue, which often leads to second deformities and the morbidities of donor
tissues. On the other hand, the quantity for nerve autografting is quite limited. Although
allografts and xenografts could serve as a possible alternatives to autografts, systemic immuno-
rejection remains a major concern. Immunosuppression drugs were used to inhibit systemic

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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immuno-rejection, which will cause adverse side effects [5, 6]. Recent advances in stem cell
biology and biomaterials make it possible to develop biodegradable nerve grafts for neural
tissue engineering, nerve repair and regeneration. Here, we focus on stem cell-derived neural
cells and biodegradable 3D neural scaffolds or conduits for nerve regeneration.

2. Support cells derived from stem cells for nerve repair

For peripheral nerve repair, axon outgrowth needs aligned Schwann cells (called astrocytes in
central nervous system) to guide the orientation and to give the support. On the other hand,
damaged neurons need to be replaced to perform appropriate functions. Recent progress in
stem cell biology and techniques allows us to generate large quantities of functional neurons
and transplantable astrocytes from stem cells [7, 8]. Stem cell-derived neural cells have been
used for the studies of axon regeneration and for the treatment of neurological diseases, such
as spinal cord injury (SCI), Parkinson’s disease (PD), Alzheimer’s disease (AD) and amyotro‐
phic lateral sclerosis (ALS), and showed promising functional recovery in the animal models
of these neurological diseases [9-12]. Transplanted stem cell-derived neurons could integrate
and form functional synaptic connections with host neurons [13]. Furthermore, transplanted
stem cell-derived immature astroglial cells could become mature astrocytes by forming
connections with blood vessels and transplanted induced oligodendrocyte progenitor cells
(iOPCs) could form myelin sheath [14, 15].

2.1. Schwann cells

In the PNS, the majority of glial cells are Schwann cells including myelinating Schwann cells
and non-myelinating Schwann cells, which play essential roles for supporting normal neuronal
functions and the survival and axonal regeneration of neurons after nerve injury. The myeli‐
nating Schwann cells forming myelin sheaths around axons insulate individual axon. Similar
functions are performed by in the CNS oligodendrocytes. The non-myelinating cells in the PNS
show similar functions with astrocytes in the CNS, which mediate the development, mechan‐
ical and metabolic support functions and promoting neuronal survival after injury. Schwann
cells are involved in maintaining normal functions of PNS, including secretion and nerve
extracellular matrix, nerve development and maturation, and modulation of neuromuscular
junction transmission [16]. Schwann cells also produce and secret different neurotrophic
factors, such as nerve growth factor (NGF), brain derived neurotrophic factor (BDNF),
neurotrophic factor-3 (NT-3), glial derived neurotrophic factor (GDNF) and insulin-like
growth factor (IGF) [17, 18]. All these neurotrophic factors are indispensable for neural
development and regeneration. Furthermore, Schwann cells present antigens to T-lympho‐
cytes and are involved in the clearing of myelin debris by phagocytosis.

In response to nerve injury,  Schwann cells  undergo proliferation and their  basal  lamina
forming nerve conduit to support and guide axon regeneration and outgrowth. The DNA
and RNA biosynthesis and up-regulation of Schwann cells could be observed as early as 2
h  after  injury.  In  1980,  Salzer  and  Bunge  have  found  that  direct  mechanical  injury  is
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mitogenic  for  Schwann  cells  during  Wallerian  degeneration  and  Schwann  cells  indeed
proliferation in situ after excision [19]. However, the proliferative ability of Schwann cells
is  low in vivo.  In  most  cases,  endogenous Schwann cells  proliferation is  not  enough to
support  and  guide  axon  regeneration  and  outgrowth.  Extra  Schwann  cells  need  to  be
transplanted after nerve damage. Morrissey et al. developed a culture method that could
yield  up  to  98%  pure  Schwann  cells  from  adult  rat  sciatic  nerve  [20].  Imaizumi  et  al.
transplanted Schwann cells to the rat model of SCI and characterized the functional recovery
by  electrophysiological  recording.  They  found  that  Schwann  cells  transplantation  could
form new pathway across the transaction site and provide a functional recovery of SCI [21].
Guenard  et  al.  isoloated  and cultured  Schwann cells  from rat  sciatic  nerve  and seeded
cultured Schwann cells into semipermeable guidance channels. And then, they implanted
Schwann cells-loaded nerve guidance channels into 8 mm rat sciatic nerve gap. Interesting‐
ly, they found that there was a positive correlation between the number of transplanted
cells and the number of myelinated axons. Furthermore, they found that implanted Schwann
cells loaded nerve guidance channels could improve the neural regenerative process [22].
Berrocal et al. implanted absorbable collagen conduits in combination with autologous SCs
to a critical size defect (13 mm) in the sciatic nerve of male Fischer rats. Their results showed
that  absorbable  collagen conduits  loaded with  Schwann cells  significantly  enhanced the
regeneration of myelinated axons. The generated axons could grow into the nerve stump
into the proximal and middle of the tube 4 weeks after implantation. The regeneration of
myelinated axons occupied the entire length of the nerve guide 16 weeks after implanta‐
tion. Functional recovery was observed in the animals who received implant treatment [23].

However, transplantation of Schwann cells is impractical for clinical application. Firstly, nerve
tissue that could be used to isolate Schwann cells is limited in the patients. Secondly, Schwann
cells need time to grow adequate amounts of cells for transplantation. It will take a couple of
weeks, even longer. Thirdly, delayed Schwann cells transplantation often reduces the func‐
tional recovery after nerve injury compared with whose received acute application. Scientists
began to seek other alternative sources for the treatment after nerve injury. Schwann cells can
be generated from adult stem cells, such as mesenchymal stem cells (MSCs) and neural stem/
progenitor cells (NSPCs), and pluripotent stem cells including embryonic stem cells (ESCs)
and induced pluripotent stem cells (iPSCs) in vitro and in vivo. Stem cells are good alternative
source for Schwann cells. Furthermore, stem cells could locally differentiate into glial cells as
well as neurons after transplantation.

2.2. Mesenchymal stem cells

Mesenchymal stem cells (MSCs) can almost be found in any adult organ and can be easily
harvested from patients. MSCs are capable of self-replication to many passages and can be
expanded to enough cell numbers for tissue and organ regeneration. Although MSCs have
been firstly harvested from the bone marrow, they actually have different properties from
bone marrow stromal cells (BMSCs).  BMSCs are a highly heterogeneous cell  population,
which includes multiple cell types with different potentials for proliferation and differentia‐
tion. On the contrary, bone marrow MSCs are a more homogenous subtype of mononu‐
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immuno-rejection, which will cause adverse side effects [5, 6]. Recent advances in stem cell
biology and biomaterials make it possible to develop biodegradable nerve grafts for neural
tissue engineering, nerve repair and regeneration. Here, we focus on stem cell-derived neural
cells and biodegradable 3D neural scaffolds or conduits for nerve regeneration.

2. Support cells derived from stem cells for nerve repair

For peripheral nerve repair, axon outgrowth needs aligned Schwann cells (called astrocytes in
central nervous system) to guide the orientation and to give the support. On the other hand,
damaged neurons need to be replaced to perform appropriate functions. Recent progress in
stem cell biology and techniques allows us to generate large quantities of functional neurons
and transplantable astrocytes from stem cells [7, 8]. Stem cell-derived neural cells have been
used for the studies of axon regeneration and for the treatment of neurological diseases, such
as spinal cord injury (SCI), Parkinson’s disease (PD), Alzheimer’s disease (AD) and amyotro‐
phic lateral sclerosis (ALS), and showed promising functional recovery in the animal models
of these neurological diseases [9-12]. Transplanted stem cell-derived neurons could integrate
and form functional synaptic connections with host neurons [13]. Furthermore, transplanted
stem cell-derived immature astroglial cells could become mature astrocytes by forming
connections with blood vessels and transplanted induced oligodendrocyte progenitor cells
(iOPCs) could form myelin sheath [14, 15].

2.1. Schwann cells
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and non-myelinating Schwann cells, which play essential roles for supporting normal neuronal
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nating Schwann cells forming myelin sheaths around axons insulate individual axon. Similar
functions are performed by in the CNS oligodendrocytes. The non-myelinating cells in the PNS
show similar functions with astrocytes in the CNS, which mediate the development, mechan‐
ical and metabolic support functions and promoting neuronal survival after injury. Schwann
cells are involved in maintaining normal functions of PNS, including secretion and nerve
extracellular matrix, nerve development and maturation, and modulation of neuromuscular
junction transmission [16]. Schwann cells also produce and secret different neurotrophic
factors, such as nerve growth factor (NGF), brain derived neurotrophic factor (BDNF),
neurotrophic factor-3 (NT-3), glial derived neurotrophic factor (GDNF) and insulin-like
growth factor (IGF) [17, 18]. All these neurotrophic factors are indispensable for neural
development and regeneration. Furthermore, Schwann cells present antigens to T-lympho‐
cytes and are involved in the clearing of myelin debris by phagocytosis.

In response to nerve injury,  Schwann cells  undergo proliferation and their  basal  lamina
forming nerve conduit to support and guide axon regeneration and outgrowth. The DNA
and RNA biosynthesis and up-regulation of Schwann cells could be observed as early as 2
h  after  injury.  In  1980,  Salzer  and  Bunge  have  found  that  direct  mechanical  injury  is
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is  low in vivo.  In  most  cases,  endogenous Schwann cells  proliferation is  not  enough to
support  and  guide  axon  regeneration  and  outgrowth.  Extra  Schwann  cells  need  to  be
transplanted after nerve damage. Morrissey et al. developed a culture method that could
yield  up  to  98%  pure  Schwann  cells  from  adult  rat  sciatic  nerve  [20].  Imaizumi  et  al.
transplanted Schwann cells to the rat model of SCI and characterized the functional recovery
by  electrophysiological  recording.  They  found  that  Schwann  cells  transplantation  could
form new pathway across the transaction site and provide a functional recovery of SCI [21].
Guenard  et  al.  isoloated  and cultured  Schwann cells  from rat  sciatic  nerve  and seeded
cultured Schwann cells into semipermeable guidance channels. And then, they implanted
Schwann cells-loaded nerve guidance channels into 8 mm rat sciatic nerve gap. Interesting‐
ly, they found that there was a positive correlation between the number of transplanted
cells and the number of myelinated axons. Furthermore, they found that implanted Schwann
cells loaded nerve guidance channels could improve the neural regenerative process [22].
Berrocal et al. implanted absorbable collagen conduits in combination with autologous SCs
to a critical size defect (13 mm) in the sciatic nerve of male Fischer rats. Their results showed
that  absorbable  collagen conduits  loaded with  Schwann cells  significantly  enhanced the
regeneration of myelinated axons. The generated axons could grow into the nerve stump
into the proximal and middle of the tube 4 weeks after implantation. The regeneration of
myelinated axons occupied the entire length of the nerve guide 16 weeks after implanta‐
tion. Functional recovery was observed in the animals who received implant treatment [23].

However, transplantation of Schwann cells is impractical for clinical application. Firstly, nerve
tissue that could be used to isolate Schwann cells is limited in the patients. Secondly, Schwann
cells need time to grow adequate amounts of cells for transplantation. It will take a couple of
weeks, even longer. Thirdly, delayed Schwann cells transplantation often reduces the func‐
tional recovery after nerve injury compared with whose received acute application. Scientists
began to seek other alternative sources for the treatment after nerve injury. Schwann cells can
be generated from adult stem cells, such as mesenchymal stem cells (MSCs) and neural stem/
progenitor cells (NSPCs), and pluripotent stem cells including embryonic stem cells (ESCs)
and induced pluripotent stem cells (iPSCs) in vitro and in vivo. Stem cells are good alternative
source for Schwann cells. Furthermore, stem cells could locally differentiate into glial cells as
well as neurons after transplantation.

2.2. Mesenchymal stem cells

Mesenchymal stem cells (MSCs) can almost be found in any adult organ and can be easily
harvested from patients. MSCs are capable of self-replication to many passages and can be
expanded to enough cell numbers for tissue and organ regeneration. Although MSCs have
been firstly harvested from the bone marrow, they actually have different properties from
bone marrow stromal cells (BMSCs).  BMSCs are a highly heterogeneous cell  population,
which includes multiple cell types with different potentials for proliferation and differentia‐
tion. On the contrary, bone marrow MSCs are a more homogenous subtype of mononu‐
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clear  progenitor  cells  that  have  stem  cell  properties,  such  as  self-renewal  capacity  and
multipotency  [24,  25].  Bone  marrow  MSCs  undergo  to  differentiate  into  adipocytes,
chondrocytes and osteocytes in culture. In addition, bone marrow MSCs express specific
cell surface markers, such as positive for CD105, CD166, CD29 and CD44 and negative for
CD14, CD34 and CD45. MSCs can also be derived from other non-marrow tissues, such as
the liver and adipose, lung, peripheral blood, as well as amniotic fluid, umbilical cord blood
and Wharton’s jelly of the umbilical cord [26, 27]. MSCs are not only able to differentiate
into mesodermal cell  phenotypes but also into ectodermal lineage,  Schwann cells,  astro‐
glial cells, oligodendrocytes and neurons, such as dopaminergic and purkinje neurons and
have been used to treat cardiac and neurological disorders [28, 29]. Adipose derived stem
cells (ADSCs) are a subtype of MSCs, which isolated from adipose tissue. Like bone marrow
MSC, ADSCs are also self-renewal capacity and ability to differentiate into multiple lineages.
Compared bone marrow MSC, people found that ADSCs are easier to harvest and culture
for longer periods and grow faster [30]. MSCs could be induced to differentiate into neurons
and Schwann cells in the regular culture vessels. Furthermore, MSCs have been induced to
differentiate  into  neuronal-like  cells  expressing  neuronal  biomarkers,  such  as  Tuj1  and
neurofilament, and neural progenitor cells forming neurosphere-like structure in the three
dimensional  (3D)  biodegradable  scaffolds  [24,  31-33].  All-trans  retinoic  acid  is  a  most
common  drug  used  to  initiate  Schwann  cell  differentiation  of  MSCs.  Forskolin,  FGF2,
Platelet-Derived Growth Factor (PDGF) and Neuregulin NRG1-1 are often used to force the
final  Schwann  cell  differentiation  [34].  Interestingly,  human  MSCs  can  also  be  induced
differentiated into Schwann cells. Human MSCs-derived Schwann cells have Schwann cell
morphology and expression Schwann cell-specific proteins, such as p75 neurotrophin factor.
Furthermore, Human MSCs-derived Schwann cells secrete several growth factors, such as
hepatocyte growth factor  (HGF) and vascular  endothelial  growth factor  (VEGF) in vitro
and  in  vivo.  Transplantation  of  human  MSCs-derived  Schwann  cells  dramatically  en‐
hanced axonal outgrowth in an animal model of spinal cord injury [35].

Although a couple of reports showed that that MSCs can be used to generate neuronal cells,
this phenomenon was recently called into question [36, 37]. Firstly, there is no evidence that
neural tissues directly generated from MSCs. Secondly, the functional properties of MSCs-
derived neurons have not been extensively studied, such as patch clamp recording for
neuronal activities and high-performance liquid chromatography (HPLC) for neurotransmit‐
ter release. Thirdly, similar culture conditions used to induce MSCs to differentiate into
neurons could also induced fibroblasts to neuronal-like cells. However, there is no doubt about
clinical improvements demonstrated in animal models and patients after treatment with
MSCs. People believe that these clinical improvements are from growth factors and cytokines
released from MSCs. MSCs-derived growth factors and cytokines could promote neurogenesis
and angiogenesis of damaged brain tissue and inhibit the process of apoptosis. Transplantation
of MSCs has shown a significant functional recovery of the animal model of stroke. Never‐
theless, MSCs are a good source for cell therapy.
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2.3. Neural stem/progenitor cells

Previous studies showed that adult neural stem/progenitor cells (NSPCs) not only locate in
neurogenic regions, the subventricular zone (SVZ) and the subgranular zone (SGZ) of the
hippocampal dentate gyrus, but also locate in some non-neurogenic regions, such as cerebral
cortex, cerebellum and spinal cord [7]. Multipotent CNS stem-like cells were first cultured from
the adult striatum by neurosphere assay. The neurosphere culture system has been widely
used to isolate and expand NSPCs under serum-free media conditions as well as with the
presence of epidermal growth factor (EGF) and fibroblast growth factor-2 (FGF2). NSPCs are
self-renewing, multipotent progenitors in the nervous system that could be induced to
differentiate into the three phenotypes in the nervous system under appropriate condition,
such as neurons, astrocytes and oligodendrocytes. Functional properties of NSPCs-derived
neurons have been characterized by immunostaining and clamp patch recording. NSPCs-
derived neurons have all the properties of native neurons. NSPCs have been widely used for
the studies of neural development and regeneration. After transplantation, NSPCs-derived
neurons could replace the dead neurons in the animal’s model of neurological disorders, such
as AD, PD and SCI and have shown the functional recovery in these animals’ models [38, 39].
In our previous studies, we isolated and cultured NSPCs from mouse and rat brains under
DMEM/F-12 medium supplement with B27 (2%) or N2 (1%), EGF (10 ng/ml) and FGF2 (10 ng/
ml) by neurospheres assay. After 2-3 passages, most of neurospheres are positive to Nestin, a
neural stem cell marker. We found that BrdU could be detected 16-18 h after NSPCs were
cultured in the presence of BrdU. 5-bromo-2'-deoxyuridine (BrdU) is a synthetic nucleoside
that is an analog of thymidine and is widely used in the detection of proliferating cells in vitro
and in vivo. When NSPCs were cultured in the serum containing medium, they are easily
induced to differentiate into neurons and astrocytes. These results demonstrate that NSPCs
from mouse and rat brain have a high proliferative ability and multipotency. After transplan‐
tation to AD rats with fimbria-fornix transection, NSPCs could migrate into adjacent brain
tissue and locally differentiate into neurons and astrocytes. Y-maze testing showed that
transplanted NSPCs could improve the learning and memory in the rat model of AD [13,
40-45]. NSPCs have been cultured in a 3D bioactive scaffold derived from porcine urinary
bladder matrix (UBM) for the treatment of traumatic brain injury (TBI). UBM was able to
support extended proliferation and differentiation of NSPCs. After transplantation into rat TBI
model, the transplants could reduce neuronal loss and white matter injury, and also signifi‐
cantly ameliorate motor, cognitive and memory impairments [46]. Furthermore, NSPCs-
loaded PLGA scaffolds have been used for the treatment of animal model of SCI. NSPCs could
differentiate into neurons and glial cells in the PLGA scaffolds after transplantation and make
functional synaptic connections with proximal and distal nerve stumps. Retrograde tracking
studies showed that the tracer could pass through the nerve gap and be found in the brain [47].

In the developing CNS, the initial symmetric cell division of NSPCs occurs to produce more
identical stem cells and form neural tube. As development progresses, symmetric cell division
is gradually replaced by asymmetric cell division which produce one stem cell and one neural
precursor cell. Previous studies have identified neuronal restricted precursors (NRPs) and glial
restricted precursors (GRPs) in the brain and spinal cord. These cells are more limited in their
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CD14, CD34 and CD45. MSCs can also be derived from other non-marrow tissues, such as
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and Wharton’s jelly of the umbilical cord [26, 27]. MSCs are not only able to differentiate
into mesodermal cell  phenotypes but also into ectodermal lineage,  Schwann cells,  astro‐
glial cells, oligodendrocytes and neurons, such as dopaminergic and purkinje neurons and
have been used to treat cardiac and neurological disorders [28, 29]. Adipose derived stem
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differentiated into Schwann cells. Human MSCs-derived Schwann cells have Schwann cell
morphology and expression Schwann cell-specific proteins, such as p75 neurotrophin factor.
Furthermore, Human MSCs-derived Schwann cells secrete several growth factors, such as
hepatocyte growth factor  (HGF) and vascular  endothelial  growth factor  (VEGF) in vitro
and  in  vivo.  Transplantation  of  human  MSCs-derived  Schwann  cells  dramatically  en‐
hanced axonal outgrowth in an animal model of spinal cord injury [35].

Although a couple of reports showed that that MSCs can be used to generate neuronal cells,
this phenomenon was recently called into question [36, 37]. Firstly, there is no evidence that
neural tissues directly generated from MSCs. Secondly, the functional properties of MSCs-
derived neurons have not been extensively studied, such as patch clamp recording for
neuronal activities and high-performance liquid chromatography (HPLC) for neurotransmit‐
ter release. Thirdly, similar culture conditions used to induce MSCs to differentiate into
neurons could also induced fibroblasts to neuronal-like cells. However, there is no doubt about
clinical improvements demonstrated in animal models and patients after treatment with
MSCs. People believe that these clinical improvements are from growth factors and cytokines
released from MSCs. MSCs-derived growth factors and cytokines could promote neurogenesis
and angiogenesis of damaged brain tissue and inhibit the process of apoptosis. Transplantation
of MSCs has shown a significant functional recovery of the animal model of stroke. Never‐
theless, MSCs are a good source for cell therapy.
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cultured in the presence of BrdU. 5-bromo-2'-deoxyuridine (BrdU) is a synthetic nucleoside
that is an analog of thymidine and is widely used in the detection of proliferating cells in vitro
and in vivo. When NSPCs were cultured in the serum containing medium, they are easily
induced to differentiate into neurons and astrocytes. These results demonstrate that NSPCs
from mouse and rat brain have a high proliferative ability and multipotency. After transplan‐
tation to AD rats with fimbria-fornix transection, NSPCs could migrate into adjacent brain
tissue and locally differentiate into neurons and astrocytes. Y-maze testing showed that
transplanted NSPCs could improve the learning and memory in the rat model of AD [13,
40-45]. NSPCs have been cultured in a 3D bioactive scaffold derived from porcine urinary
bladder matrix (UBM) for the treatment of traumatic brain injury (TBI). UBM was able to
support extended proliferation and differentiation of NSPCs. After transplantation into rat TBI
model, the transplants could reduce neuronal loss and white matter injury, and also signifi‐
cantly ameliorate motor, cognitive and memory impairments [46]. Furthermore, NSPCs-
loaded PLGA scaffolds have been used for the treatment of animal model of SCI. NSPCs could
differentiate into neurons and glial cells in the PLGA scaffolds after transplantation and make
functional synaptic connections with proximal and distal nerve stumps. Retrograde tracking
studies showed that the tracer could pass through the nerve gap and be found in the brain [47].

In the developing CNS, the initial symmetric cell division of NSPCs occurs to produce more
identical stem cells and form neural tube. As development progresses, symmetric cell division
is gradually replaced by asymmetric cell division which produce one stem cell and one neural
precursor cell. Previous studies have identified neuronal restricted precursors (NRPs) and glial
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differentiation potential than NSPCs. NRPs have the tendency to differentiate into neurons
and GRPs have the tendency to differentiate into glial cells. After transplantation in the model
of SCI, transplanted GPCs demonstrated to differentiate into oligodendrocytes and form
myelin around axons and increase the locomotor recovery [48]. Furthermore, NSPCs have been
used along with Schwann cells to improve axonal regeneration. Olson et al. transplanted
NSPCs and Schwann cell-loaded PLGA polymer scaffold into transected spinal cord. They
found that NSPCs could differentiate into neuronal cells in the scaffold channels and NSPCs
and Schwann cell-loaded PLGA polymer scaffold could facilitate axonal regeneration across
the transected spinal cord [49].

The major drawback of NSPCs is that NSPCs locate in the deep of brain and spinal cord. It is
almost impossible to harvest autologous NSPCs for nerve repair in clinic. Although NSPCs
could be obtained from aborted embryos, ethical issue plagues their clinical application.

2.4. Induced neural cells

In 2012, John B. Gurdon and Shinya Yamanaka shared the Nobel Prize in Physiology or
Medicine for their discovery that mature cells can be reprogrammed to become pluripotent.
In 1962, Gurdon showed that adult frogs could be generated from the nuclei of single somatic
cells by nuclear transfer. In 2006, Yamanaka’s group showed that somatic fibroblasts could be
induced to ESC-like cells, called iPSCs, by four transcription factors including Oct4, Sox2, Klf4
and c-Myc. These iPSCs have the ability to generate all three lineages, endodermal, mesoder‐
mal and ectodermal cells [50]. Later, several groups using similar strategy successfully
generated iPSCs from patients. Patient-derived iPSCs have been used to study the pathological
mechanisms and drug testing [51, 52]. The principle of differentiated cells regaining pluripo‐
tency and conversion of one cell type into another not only let us re-think about the funda‐
mental principles of development but also allow us re-consider autologous cell replacement
therapy. Induced PSCs have been used for peripheral nerve repair. Uemura et al. transplanted
iPSCs-derived neurospheres-seeded sponge polymer composed of 50% PLA and 50% PCL to
5 mm sciatic nerve gap. The recovery of motor and sensory function can be observed as early
4 weeks. Twelve weeks after transplantation, histological evaluation showed that iPSCs
differentiated into GFAP-and S100-positive Schwann cells and Tuj1-and neurofilament-
neuronal cells [53]. Wang et al. transplanted iPSCs-derived neural crest stem cells (NCSCs)-
loaded electrospinning nanofibrous nerve conduits composed of 70% PLA and 30% PCL to 6
mm sciatic nerve gap. Transplanted NCSCs were able to promote regeneration of peripheral
nerves. But they did not observed neuronal differentiation of NCSCs [54].

In 2010, Dr. Wernig’s group used a cocktail of transcription factors, Ascl1, Brn2 and Myt1l,
successfully convert fibroblasts into functional neurons, named induced neurons [55].
Interestingly, induced neurons have been generated from fibroblasts of patients [56]. Further‐
more, induced dopaminergic neurons could integrate into host brain after transplantation.
Recently, several group used similar techniques to successfully generate induced NSPCs [57,
58]. Induced NSPCs have similar properties with NSPCs isolated from brain tissue. More
interestingly, two groups generated iOPCs from somatic fibroblasts. After transplantation,
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iOPCs could differentiate into oligodendrocytes and form myelin sheath. So far, there are no
reports showed that iOPCs have been used to treat peripheral nerve injury [14, 15].

3. Biodegradable polymers as nerve guidance conduits for nerve repair and
regeneration

The current gold standard for peripheral nerve repair is nerve autografting. However, this
approach is associated with a number of clinical complications, in particular, donor site
morbidity, limited availability, and nerve site mismatch and neuroma formation at the donor
site [59]. Artificial nerve guidance conduits have been developed for bridging the gap. This
strategy has been widely accepted for basic research and clinical applications. In general, a
nerve guidance conduit for reconnecting the two nerve stumps (i.e., the proximal and distal
nerve stumps) contains an appropriate substrate with longitudinal orientation guidance to
direct axons to find their targets. To date, the majority of nerve guidance conduits developed
is composed of biodegradable polymers. A few of them are FDA-approved and commercially
available. These nerve conduits have achieved considerable success in treatment of gap defects
with the distances up to 20-25 mm. To further improve on the regeneration capacity of nerve
conduits, a number of strategies have been actively pursued, in particular, the combination of
nerve conduits with stem cell technologies [60]. In this review, we discuss the key design
parameters of nerve conduits, including materials, fabrications methods, and incorporation of
bioactive molecules, which play critical roles in governing the cellular fate of the stem cells
cultivated in the nerve guidance conduits. Through analyzing and summarizing these
experimental results, our goal is to provide insights into the future design of nerve conduits
with much improved therapeutic efficacy.

3.1. Materials consideration for use in nerve guidance conduits

Materials selection is critical to the performance of fabricated nerve guidance conduits. Ideally,
materials to be employed for nerve repair need to fulfill the following requirements.

1. They must be biocompatibility for supporting cell growth, differentiation and function.

2. They must be able to provide appropriate surface and mechanical properties that mimic
nerve tissue.

3. They must be immunologically inert.

4. They must be biodegradable or bio-absorbable.

5. They must be able to be sterilized.

6. They must be readily fabricated into the desired configurations of conduits.

7. Their production must be amenable to industrial scale-up.
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differentiation potential than NSPCs. NRPs have the tendency to differentiate into neurons
and GRPs have the tendency to differentiate into glial cells. After transplantation in the model
of SCI, transplanted GPCs demonstrated to differentiate into oligodendrocytes and form
myelin around axons and increase the locomotor recovery [48]. Furthermore, NSPCs have been
used along with Schwann cells to improve axonal regeneration. Olson et al. transplanted
NSPCs and Schwann cell-loaded PLGA polymer scaffold into transected spinal cord. They
found that NSPCs could differentiate into neuronal cells in the scaffold channels and NSPCs
and Schwann cell-loaded PLGA polymer scaffold could facilitate axonal regeneration across
the transected spinal cord [49].

The major drawback of NSPCs is that NSPCs locate in the deep of brain and spinal cord. It is
almost impossible to harvest autologous NSPCs for nerve repair in clinic. Although NSPCs
could be obtained from aborted embryos, ethical issue plagues their clinical application.

2.4. Induced neural cells

In 2012, John B. Gurdon and Shinya Yamanaka shared the Nobel Prize in Physiology or
Medicine for their discovery that mature cells can be reprogrammed to become pluripotent.
In 1962, Gurdon showed that adult frogs could be generated from the nuclei of single somatic
cells by nuclear transfer. In 2006, Yamanaka’s group showed that somatic fibroblasts could be
induced to ESC-like cells, called iPSCs, by four transcription factors including Oct4, Sox2, Klf4
and c-Myc. These iPSCs have the ability to generate all three lineages, endodermal, mesoder‐
mal and ectodermal cells [50]. Later, several groups using similar strategy successfully
generated iPSCs from patients. Patient-derived iPSCs have been used to study the pathological
mechanisms and drug testing [51, 52]. The principle of differentiated cells regaining pluripo‐
tency and conversion of one cell type into another not only let us re-think about the funda‐
mental principles of development but also allow us re-consider autologous cell replacement
therapy. Induced PSCs have been used for peripheral nerve repair. Uemura et al. transplanted
iPSCs-derived neurospheres-seeded sponge polymer composed of 50% PLA and 50% PCL to
5 mm sciatic nerve gap. The recovery of motor and sensory function can be observed as early
4 weeks. Twelve weeks after transplantation, histological evaluation showed that iPSCs
differentiated into GFAP-and S100-positive Schwann cells and Tuj1-and neurofilament-
neuronal cells [53]. Wang et al. transplanted iPSCs-derived neural crest stem cells (NCSCs)-
loaded electrospinning nanofibrous nerve conduits composed of 70% PLA and 30% PCL to 6
mm sciatic nerve gap. Transplanted NCSCs were able to promote regeneration of peripheral
nerves. But they did not observed neuronal differentiation of NCSCs [54].

In 2010, Dr. Wernig’s group used a cocktail of transcription factors, Ascl1, Brn2 and Myt1l,
successfully convert fibroblasts into functional neurons, named induced neurons [55].
Interestingly, induced neurons have been generated from fibroblasts of patients [56]. Further‐
more, induced dopaminergic neurons could integrate into host brain after transplantation.
Recently, several group used similar techniques to successfully generate induced NSPCs [57,
58]. Induced NSPCs have similar properties with NSPCs isolated from brain tissue. More
interestingly, two groups generated iOPCs from somatic fibroblasts. After transplantation,
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iOPCs could differentiate into oligodendrocytes and form myelin sheath. So far, there are no
reports showed that iOPCs have been used to treat peripheral nerve injury [14, 15].

3. Biodegradable polymers as nerve guidance conduits for nerve repair and
regeneration

The current gold standard for peripheral nerve repair is nerve autografting. However, this
approach is associated with a number of clinical complications, in particular, donor site
morbidity, limited availability, and nerve site mismatch and neuroma formation at the donor
site [59]. Artificial nerve guidance conduits have been developed for bridging the gap. This
strategy has been widely accepted for basic research and clinical applications. In general, a
nerve guidance conduit for reconnecting the two nerve stumps (i.e., the proximal and distal
nerve stumps) contains an appropriate substrate with longitudinal orientation guidance to
direct axons to find their targets. To date, the majority of nerve guidance conduits developed
is composed of biodegradable polymers. A few of them are FDA-approved and commercially
available. These nerve conduits have achieved considerable success in treatment of gap defects
with the distances up to 20-25 mm. To further improve on the regeneration capacity of nerve
conduits, a number of strategies have been actively pursued, in particular, the combination of
nerve conduits with stem cell technologies [60]. In this review, we discuss the key design
parameters of nerve conduits, including materials, fabrications methods, and incorporation of
bioactive molecules, which play critical roles in governing the cellular fate of the stem cells
cultivated in the nerve guidance conduits. Through analyzing and summarizing these
experimental results, our goal is to provide insights into the future design of nerve conduits
with much improved therapeutic efficacy.

3.1. Materials consideration for use in nerve guidance conduits

Materials selection is critical to the performance of fabricated nerve guidance conduits. Ideally,
materials to be employed for nerve repair need to fulfill the following requirements.

1. They must be biocompatibility for supporting cell growth, differentiation and function.

2. They must be able to provide appropriate surface and mechanical properties that mimic
nerve tissue.

3. They must be immunologically inert.

4. They must be biodegradable or bio-absorbable.

5. They must be able to be sterilized.

6. They must be readily fabricated into the desired configurations of conduits.

7. Their production must be amenable to industrial scale-up.
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3.2. Materials used in nerve guidance conduits

In the past decades, a broad range of materials have been explored for preparation of nerve
guidance conduits for peripheral nerve repair. They can be broadly divided into two catego‐
ries: naturally-derived biopolymers and synthetic polymers. As can be seen from the following
discussion, these materials can address the aforementioned materials considerations to various
degrees.

Table 1. Examples of naturally-derived and synthetic polymers used in nerve guidance conduits.

Naturally-derived biopolymers. Examples of the naturally-derived biopolymers for nerve
guidance conduits include type I collagen, fibronectin, fibrin glue, gelatin, hyaluronic acid,
alginate, chitosan, agarose and silk fibroin etc. These materials are typically hydrophilic, and
form hydrogel-based matrices by either physical or chemical crosslinking. It is also worth
noting two types of multicomponent matrices, such as MatrigelTM and decellularized nerve
allografts or xenografts. MatrigelTM is a commercial extracellular matrix (ECM) extract from
tissue cultured mouse sarcoma cell lines. It gels in situ at room temperature. MatrigelTM

contains laminin, heparin sulphate, type IV collagen, entactin, nidogen and growth factors.
Decellularized nerve allografts or xenografts are matrices that preserve the inherent structural
characteristics of nerve. For instance, Avance® Nerve Graft is a commercially available
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decellularized allograft processed from human peripheral nerve tissue, which has been used
clinically for reconstruction of periphery nerve gaps with positive results [61].

Naturally-derived biopolymers have demonstrated a number of advantages in the applica‐
tions of nerve repair. They are in general biocompatible, and biodegradable or bioresorbable.
They form hydrogels with structural and mechanical properties similar to nerve tissue. In
addition, some of the biopolymers contain cell adhesion moieties, such as type I collagen and
fibronectin, which encourages neuronal attachment and outgrowth. However, immunogenic‐
ity as a result of animal resources remains a major concern over their practical applications. In
the case of MatrigelTM, its origin in mouse sarcoma cells plagues its use in clinical applications.
Naturally-derived polymers are also known for batch-to-batch variations, and lack of flexibil‐
ity in terms of structural engineering to modulate the physiochemical properties and degra‐
dation kinetics of materials.

Synthetic polymers. Compared to naturally-derived biopolymers, synthetic polymers offer
greater flexibility in modulating the physical properties of materials through engineering the
polymer composition such as (co)monomer structure and side chain chemistry, and polymer
molecular weight. They are also much more amenable to various technologies for materials
fabrication. On the other hand, it is noted that the majority of synthetic polymers used in nerve
repair lack biocompatibility and bioactivity, which limits cell attachment, growth and differ‐
entiation. Viable approaches to overcome the limit involve compositing synthetic polymers
with bioactive molecules, and surface functionalization of nerve conduits with bioactive
molecules. These approaches will be discussed in detail in Section 3.3.

At the early stage of nerve guide development, several non-biodegradable polymers have been
explored to produce nerve guides, including, for example, silicone rubber, polyvinyl alcohol
(PVA), polyethylene glycol (PEG), polyN-2-hydroxypropyl-methacrylamide (pHPMA) and
poly2-hydroxyethyl methacrylate (pHEMA). A major disadvantage of non-biodegradable
nerve conduits is that a second surgery is required to remove the conduits as their chronic
presence impede nerves remodeling. In addition, studies have shown that the chronic presence
of non-biodegradable conduits led to the inflammatory reactions and scar tissue formation,
which ultimately inhibit functional nerve recovery [62, 63].

Amongst the synthetic polymers explored for nerve guidance conduits, a range of biodegrad‐
able aliphatic polyesters have attracted most attention. These include, for example, poly(gly‐
colic acid) (PGA), polylactide (PLA), poly(lactic-co-glycolic acid) (PLGA), poly-ε-caprolactone
(PCL) and poly-3-hydroxybutyrate (PHB) etc. These material typically produce relatively rigid
scaffolds with hydrophobic surface. Their degradation is predominantly medicated by
hydrolysis of their ester linkages in physiological conditions. The degradation rate is depend‐
ent on the polymer structure, molecular weight, or its crystallinity. For instance, among PGA,
PLA and PCL of similar molecular weights, the degradation rate is PGA > PLA > PCL, as a
result of increased hydrophobicity [64]. This provides a basis for tailoring the polymer
degradation kinetics by varying the structure and ratio of the monomers used for polymeri‐
zation. A good example is PLGA, whose degradation rate depends on the ratio of lactide to
glycolide used for the polymerization, i.e., higher content of glycolide units leads to faster
degradation rate, with an exception of 50:50 monomers' ratio that gives rise to the fastest
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decellularized allograft processed from human peripheral nerve tissue, which has been used
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fibronectin, which encourages neuronal attachment and outgrowth. However, immunogenic‐
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the case of MatrigelTM, its origin in mouse sarcoma cells plagues its use in clinical applications.
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Synthetic polymers. Compared to naturally-derived biopolymers, synthetic polymers offer
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molecular weight. They are also much more amenable to various technologies for materials
fabrication. On the other hand, it is noted that the majority of synthetic polymers used in nerve
repair lack biocompatibility and bioactivity, which limits cell attachment, growth and differ‐
entiation. Viable approaches to overcome the limit involve compositing synthetic polymers
with bioactive molecules, and surface functionalization of nerve conduits with bioactive
molecules. These approaches will be discussed in detail in Section 3.3.

At the early stage of nerve guide development, several non-biodegradable polymers have been
explored to produce nerve guides, including, for example, silicone rubber, polyvinyl alcohol
(PVA), polyethylene glycol (PEG), polyN-2-hydroxypropyl-methacrylamide (pHPMA) and
poly2-hydroxyethyl methacrylate (pHEMA). A major disadvantage of non-biodegradable
nerve conduits is that a second surgery is required to remove the conduits as their chronic
presence impede nerves remodeling. In addition, studies have shown that the chronic presence
of non-biodegradable conduits led to the inflammatory reactions and scar tissue formation,
which ultimately inhibit functional nerve recovery [62, 63].

Amongst the synthetic polymers explored for nerve guidance conduits, a range of biodegrad‐
able aliphatic polyesters have attracted most attention. These include, for example, poly(gly‐
colic acid) (PGA), polylactide (PLA), poly(lactic-co-glycolic acid) (PLGA), poly-ε-caprolactone
(PCL) and poly-3-hydroxybutyrate (PHB) etc. These material typically produce relatively rigid
scaffolds with hydrophobic surface. Their degradation is predominantly medicated by
hydrolysis of their ester linkages in physiological conditions. The degradation rate is depend‐
ent on the polymer structure, molecular weight, or its crystallinity. For instance, among PGA,
PLA and PCL of similar molecular weights, the degradation rate is PGA > PLA > PCL, as a
result of increased hydrophobicity [64]. This provides a basis for tailoring the polymer
degradation kinetics by varying the structure and ratio of the monomers used for polymeri‐
zation. A good example is PLGA, whose degradation rate depends on the ratio of lactide to
glycolide used for the polymerization, i.e., higher content of glycolide units leads to faster
degradation rate, with an exception of 50:50 monomers' ratio that gives rise to the fastest
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degradation rate [65]. Synthetic biodegradable polymers have been widely used to fabricate
different kinds of films or scaffolds to support cell growth in vitro and in vivo.

Figure 1. Immunocytochemistry assay showed proliferation of embryonic stem cells in 3D cellulosic hydrogel scaffolds
after 2 days plating. A. Oct4 showed the pluripotency of embryonic stem cells. B. The total cells were showed by DAPI.
C. A merges with B. D. DIC imaging showed proliferation of embryonic stem cells in 3D hydrogel scaffolds.

Despite the substantial research activities in engineering of polymer biodegradability,
development of neural matrices with desired degradation kinetics in the course of nerve
regeneration still remains a key challenge. This is due to the inherent complexity of in vivo-
degradation, which necessitates multidisciplinary efforts to bring together materials scientists,
biologists and clinicians to tackle this challenge. Ideally, a nerve conduit should provide
adequate mechanical support and protection to facilitate axonal regeneration across the nerve
gap, while undergoing degradation with the kinetics matching the rate of nerve regeneration,
in order to make way for the regenerating nerve. Development of appropriate in vitro-models
that can simulate in vivo degradation of nerve conduits may help to speed up the problem-
solving process and facilitate the delivery of nerve conduits with desired in vivo-degradation
profiles to meet specific needs in clinical applications.

3.3. Key considerations in nerve conduit design

In its simplest form, a nerve conduit takes the form of a hollow tube for bridging nerve gap
defects. A nerve conduit implant needs to satisfy a set of basic requirements in both material
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and technical aspects, including biocompatibility, non-immunogenicity, biodegradability/
bioabsorbability, mechanical integrity with nerve tissue, and ease of sterilization and fabrica‐
tion into the desired dimensions. These considerations underpin the development of a variety
of single lumen hollow conduits that have shown positive effects in treatment of short defects
(< 20-25 mm). These conduits differed mostly in the structure and composition of the polymers
used for conduit fabrication. Some of them have already gained approval in clinical applica‐
tions, which will be discussed in detail in Section 3.4.

To improve the therapeutic efficacy in treatment of large nerve defects, a number of biomimetic
strategies have recently been adopted to modify the existing design of nerve conduits, by
providing bio-regulative cues to better mimic nerve tissue at various levels (anatomic, physical
or structural). The ongoing research activities in this area have been catalyzed by our increasing
understanding of in vivo-behavior of nerve conduits, as well as the advances in material
fabrication and in tissue engineering. Some of the key strategies will be briefly reviewed here.

Topographic guidance. Longitudinally-oriented topographic cues have been introduced to
nerve conduit design, with a view to promoting the growth and orientation of regenerating
axons. This can be microfibers, multichannels, or 3D matrix fillers with longitudinally-oriented
architectures, as is illustrated in Figure 2. For instance, Kim et al reported on polysulfone
conduits containing uniaxially electrospun nanofibers of poly(acrylonitrile-co-methylacrylate)
[66]. Incorporation of such aligned sub-micron topographic cues was shown to significantly
promote both sensory and motor nerve regeneration across a 17 mm peripheral nerve gap in
a rodent model, without the delivery of any exogenous neuro-simulative agents (e.g., neuro‐
trophic factors and extracellular matrix proteins). Nerve conduits with aligned multichannels
can be prepared using an injection-molding technique, the same technique as used for
fabrication of single lumen nerve conduits.

ECM proteins, such as laminin, fibronectin, and collagen, are good candidates of intraluminal
fillers for nerve conduits as they promote axonal extension. Technologies are required in order
to produce aligned intraluminal structures of these proteins. An early study by Dubey et al
employed magnetic fields to align the collagen gels in Teflon tubes, which gave rise to
enhanced neurite elongation from dorsal root ganglia explants [67]. Matsumoto et al developed
nerve conduits of PGA that were further coated with collagen and internally filled with
longitudinally-oriented, laminin-coated collagen microfibers [68]. Axonal regeneration over
an 80 mm gap of canine peroneal nerves was demonstrated. Alternatively, using a special
freezing process, 3D matrixes collagen with longitudinally oriented pores can be prepared,
which may find applications as aligned intraluminal fillers [69].

Mechanical compliance. Mechanical compliance of nerve conduits is an important consider‐
ation in conduit design. It plays a key role in directing cellular and tissue response to implanted
nerve conduits, which could affect the performance of the nerve conduits. In addition, studies
have shown a critical role of material mechanical properties in directing stem cell differentia‐
tion [70, 71]. Nerve tissues are soft and highly hydrated, while nerve conduits prepared from
synthetic polymers, such as polyesters, are often rigid and hydrophobic. Strategies have been
sought to develop hydride conduits that integrate synthetic polymer with naturally-derived
biopolymers into various configurations to unify the advantages of both types of materials.
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understanding of in vivo-behavior of nerve conduits, as well as the advances in material
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Topographic guidance. Longitudinally-oriented topographic cues have been introduced to
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promote both sensory and motor nerve regeneration across a 17 mm peripheral nerve gap in
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fillers for nerve conduits as they promote axonal extension. Technologies are required in order
to produce aligned intraluminal structures of these proteins. An early study by Dubey et al
employed magnetic fields to align the collagen gels in Teflon tubes, which gave rise to
enhanced neurite elongation from dorsal root ganglia explants [67]. Matsumoto et al developed
nerve conduits of PGA that were further coated with collagen and internally filled with
longitudinally-oriented, laminin-coated collagen microfibers [68]. Axonal regeneration over
an 80 mm gap of canine peroneal nerves was demonstrated. Alternatively, using a special
freezing process, 3D matrixes collagen with longitudinally oriented pores can be prepared,
which may find applications as aligned intraluminal fillers [69].

Mechanical compliance. Mechanical compliance of nerve conduits is an important consider‐
ation in conduit design. It plays a key role in directing cellular and tissue response to implanted
nerve conduits, which could affect the performance of the nerve conduits. In addition, studies
have shown a critical role of material mechanical properties in directing stem cell differentia‐
tion [70, 71]. Nerve tissues are soft and highly hydrated, while nerve conduits prepared from
synthetic polymers, such as polyesters, are often rigid and hydrophobic. Strategies have been
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Examples of hydride conduits are those made of composites of naturally-derived biopolymers
and synthetic polymers, or those incorporated with a soft hydrogels of ECM proteins to
provide the matrix for axonal growth and regeneration [72, 73]. As previously discussed, those
ECM hydrogel filaments need to be aligned to enable optimal nerve regeneration.

Surface bioengineering. This strategy involves coating or surface modification of nerve
conduits with neurostimulatory molecules, in particular cell adhesion molecules, to promote
cell adhesion, proliferation and differentiation, thereby improving the regeneration capacity
of nerve conduits. The cell adhesion motifs that have been explored for nerve conduits include
collagen, laminin, lamnin fragment peptides, fibronectin and Arg-Gly-Asp (RGD). For
instance, laminin has often been used for coating of nerve conduits, and has been shown to
enhance Schwann proliferation and migration, and neurite outgrowth. RGD-modified PCL
nanofibers using a polyether diisocynate was shown to promote faster Schwann cell migration
and axonal growth [74].

Growth factor delivery. As discussed previously, neutrotrophic factors play a critical role
in  promoting  neuronal  survival  and  differentiation.  The  capability  to  in  situ  deliver
neurotrohic  factors  is  now  becoming  an  essential  feature  of  next  generation  of  nerve
conduits. A popular approach is embedding growth factors in a hydrogel matrix that serves
as intraluminal filler. Release of the entrapped growth factors can be diffusion-controlled
and/or degradation-controlled, which is subject to the nature of the matrix-growth factor
interactions. Increasing the crosslinking density of the hydrogel matrix can produce stiffer
matrix, which may lead to more retarded release of the entrapped growth factor. Howev‐
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Figure 2. Schematic illustration of the nerve conduits
modified with longitudinally oriented topographic cues. (A)
nerve conduit with aligned nanofibres or microfibres; (B)
nerve conduit containing multichannels; (C) nerve conduit
containing 3D scaffolds with longitudinally oriented pores.

Figure 2. Schematic illustration of the nerve conduits modified with longitudinally oriented topographic cues. (S)
nerve conduit with aligned nanofibres or microfibers; (B) nerve conduit containing multichannels; (C) nerve conduit
containing 3D scaffolds with longitudinally oriented pores.
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er, this approach may have limitations as the level of stiffness of a hydrogel matrix should
not pose any hindrances to the axonal growth across the lumen. Inclusion of heparin as a
component of hydrogel matrix has shown a viable approach to modulate heparin-binding
growth factors delivery. For instance, a heparin-containing hydrogel matrix was reported,
comprising of fibrin with a high excess of immobilized heparin-binding peptides, heparin
and neurotrophins, such as beta-nerve growth factor (β-NGF), brain-derived neurotrophic
factor  (BDNF) and neurotrophin-3  (NT-3)  [75].  The heparin bound to  both the  immobi‐
lized peptides, and neurotrophins, which was responsible for slow diffusion release of β-
NGF,  BDNF  or  NT-3.  Enhanced  neurite  extension  was  demonstrated  in  these  heparin-
containing matrices, but not in the matrices containing only fibrin and neurotrophins. A
recent study also showed that the heparin-containing fibrin matrices with NGF resulted in
a high level of sciatic nerve regeneration as compared to the control groups [76].

Alternatively, growth factors can be introduced into nerve conduits either as a component of
coating or being embedded directly in the wall. For example, NGF-containing microspheres
of PLGA were formulated with an aqueous solution of poly(2-hydroxyethyl methacrylate),
and coated on the inside of pre-formed nerve conduits prepared from poly(2-hydroxyethyl
methacrylate-co-methyl methacrylate) [77]. The microsphere-coated nerve conduits showed
more sustained release of NGF for > 28 days, compared to those coated with poly(2-hydrox‐
yethyl methacrylate) and NGF, though no in vivo studies were reported. Nerve conduits with
the capacity of co-delivery of synergistically acting glial cell-line derived neurotrophic factors
(GDNF) and NGF were reported by Madduri et al [78-80]. GDNF and NGF were loaded into
the nerve conduits of collagen, and dried and coated with PLGA in ethyl acetate. In vitro studies
showed that the combination of GDNF and NGF exerted a synergistic effect on the axonal
elongation, axonal branching and growth kinetics. Compared to the conduits releasing GDNF
alone, enhanced early nerve regeneration in a 10 mm rat sciatic nerve gap model was also
demonstrated for the conduits with co-delivery of GDNF and NGF.

3.4. Commercially available nerve guidance conduits

Table 2 summarizes the nerve guidance conduits that have been approved by the US Food and
Drug Administration (FDA), and/or the European Union with a Conformité Européenne
certification (CE) for clinical applications. They are all in the configuration of single-lumen
tube. NeuraGen™, NeuroMatrix™ and NeuroFlex™ are derived from type I collagen, which
is a major component of ECM. AxoGuardTM is made of ECM materials derived from porcine
small intestine. It contains almost intact ECM, including cell adhesion proteins, growth factors,
glycosaminoglycans and proteoglycans etc. SaluBridgeTM and SaluTunnelTM are non-resorba‐
ble conduits, and are prepared from PVA hydrogel. Neurotube® is a PGA-based, woven
tubular device, with high porosity to provide an oxygen-rich environment for the regenerating
nerve [60]. Neurolac® is the only FDA approved transparent conduit based on synthetic
biodegradable polyesters. It is noted that the fabrication of these nerve guides do not involve
any biofunctionalization with or incorporation of bioactive molecules. These nerve conduits
thus meet only the basic requirement of conduits, by providing physical guidance cues via
conduit morphology to direct axonal regeneration.
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Examples of hydride conduits are those made of composites of naturally-derived biopolymers
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as intraluminal filler. Release of the entrapped growth factors can be diffusion-controlled
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interactions. Increasing the crosslinking density of the hydrogel matrix can produce stiffer
matrix, which may lead to more retarded release of the entrapped growth factor. Howev‐
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er, this approach may have limitations as the level of stiffness of a hydrogel matrix should
not pose any hindrances to the axonal growth across the lumen. Inclusion of heparin as a
component of hydrogel matrix has shown a viable approach to modulate heparin-binding
growth factors delivery. For instance, a heparin-containing hydrogel matrix was reported,
comprising of fibrin with a high excess of immobilized heparin-binding peptides, heparin
and neurotrophins, such as beta-nerve growth factor (β-NGF), brain-derived neurotrophic
factor  (BDNF) and neurotrophin-3  (NT-3)  [75].  The heparin bound to  both the  immobi‐
lized peptides, and neurotrophins, which was responsible for slow diffusion release of β-
NGF,  BDNF  or  NT-3.  Enhanced  neurite  extension  was  demonstrated  in  these  heparin-
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coating or being embedded directly in the wall. For example, NGF-containing microspheres
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methacrylate-co-methyl methacrylate) [77]. The microsphere-coated nerve conduits showed
more sustained release of NGF for > 28 days, compared to those coated with poly(2-hydrox‐
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the nerve conduits of collagen, and dried and coated with PLGA in ethyl acetate. In vitro studies
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3.4. Commercially available nerve guidance conduits

Table 2 summarizes the nerve guidance conduits that have been approved by the US Food and
Drug Administration (FDA), and/or the European Union with a Conformité Européenne
certification (CE) for clinical applications. They are all in the configuration of single-lumen
tube. NeuraGen™, NeuroMatrix™ and NeuroFlex™ are derived from type I collagen, which
is a major component of ECM. AxoGuardTM is made of ECM materials derived from porcine
small intestine. It contains almost intact ECM, including cell adhesion proteins, growth factors,
glycosaminoglycans and proteoglycans etc. SaluBridgeTM and SaluTunnelTM are non-resorba‐
ble conduits, and are prepared from PVA hydrogel. Neurotube® is a PGA-based, woven
tubular device, with high porosity to provide an oxygen-rich environment for the regenerating
nerve [60]. Neurolac® is the only FDA approved transparent conduit based on synthetic
biodegradable polyesters. It is noted that the fabrication of these nerve guides do not involve
any biofunctionalization with or incorporation of bioactive molecules. These nerve conduits
thus meet only the basic requirement of conduits, by providing physical guidance cues via
conduit morphology to direct axonal regeneration.
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Product name Materials Degradation Some key issues

SaluBridgeTM, SaluTunnelTM

(from SaluMedica)
PVA Non-resorbable Non-resorbability

NeuroflexTM, NeuroMatrixTM

(from Collagen Matrix Inc.)
Type I bovine collagen 4-8 months

Risk of adverse immune

response

NeuraGen®

(from Integra life Science)
Type I bovine collagen 36-48 months

Risk of adverse immune

response

AxoGuardTM

(from Cook Biotech)

Porcine small intestinal

submucosa (SIS)
3 months

Risk of adverse immune

response;

Risk of infectious disease

transmission

Neurotube®

(from Synovis® Micro)
PGA 3 months

Rapid loss of mechanical

properties; acid degradation

products

Neurolac®

(Polyganics B.V.)

Poly(DL-lactide-ε-

caprolactone)
16 months

Rigidity and inflexibility;

foreign body reactions;

polymer fragments

Table 2. Clinically-approved nerve guidance conduits (adapt with permission from [60, 81-83]).

3.5. Next generation of nerve guidance conduits in tandem with stem cell delivery

Stem cells have been used with nerve conduits or 3D scaffolds to obtain the maximum efficient
therapeutic effects of nerve repair. Stem cells-loaded nerve conduits and 3D scaffolds have
much higher potential for nerve repair compared with nerve conduits or 3D scaffolds alone.
For example, Park et al. cultured NSCs in PGA scaffolds for 4 days before transplantation. And
then NSC-PGA complexes were transplanted into the infarction cavity of the brains in the
mouse model of hypoxia ischemic injury by glass micropipettes. The results showed that PGA
provides a good support the survival and neuronal differentiation of transplanted NSCs.
Transplanted NSCs differentiates into neurons in the infarct area. Antegrade and retrograde
tract tracing showed that transplanted projects the axons to internal and external capsule and
the contralateral hemisphere through corpus callosum. Animal behavioral function has not
been tested in this report [84]. Liu et al. transplanted ADSCs-loaded biodegradable GGT nerve
conduits containing genipin crosslinked gelatin annexed with tricalcium phosphate (TCP)
ceramic particles into 10 mm gap in the sciatic nerve after injury. They found that ADSCs could
differentiate into neuron-like cells in the GGT nerve conduits and ADSCs-loaded biodegrad‐
able GGT nerve conduits significantly increased sciatic function index and functional recovery
[85]. Furthermore, BDNF or GDNF-transfected NSCs-seeded PLA microporous nerve conduits
were transplanted into sciatic nerve gap after injury. The conduits seeded with GDNF-and
BDNF-transfected NSCs significantly increased the degree of myelination and the size of
regenerated tissue compared with those seeded with the nontransfected NSCs. The greatest
number of blood vessels was found in the animals transplanted with GDNF-transfected NSCs-
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seeded PLA microporous nerve conduits. The functional recovery was significantly improved
for BDNF or GDNF-transfected NSCs-seeded conduits assessed by the functional gait and
electrophysiology [86].

PCL conduits filled with bone marrow-derived MSCs were tested for repair of transected
sciatic nerves in mice [87]. Use of the MSCs grafted conduits was shown to significantly
improve the survival of sensory neurons and motor function, and restore gastrocnemius
muscle function in mice. In a separate study, MSCs were loaded to silk fibroin-based conduits
that were filled with oriented silk fibroin filaments, which were tested for bridging a 10 mm-
long gap in rat sciatic nerve [88]. At the early weeks after nerve grafting, the grafted MSCs
were shown to enhance the gene expression of several growth factors, such as BDNF, bFGF,
and ciliary neurotrophic factor, and S100, a marker of Schwann cells. These were arguably
responsible for accelerated axonal elongation at 4 weeks, and an improved outcome in sciatic
nerve regeneration and functional recovery at weeks 12 in the groups treated with MSC-
grafted conduits, when compared to those treated with acellular conduits. The nerve regen‐
eration efficacy of the MSC-grafted conduits was shown to approach that of autologous nerve
grafts.

4. Nerve conduits in clinical applications

In the past decades, autogenous and polymer-based nerve conduits have been used for nerve
repair in clinic. Both of them have showed positive clinical outcomes in the patients.

4.1. Biological autogenous nerve conduits in clinical applications

Previous clinical studies show that autogenous vein conduits are able to repair nerve injury in
patients. A retrospective clinical study evaluated 22 digital nerve repairs in the finger using
autogenous vein conduits, and reported that two-point discrimination for 11 acute digital
nerve repairs with vein grafts and poor results for delayed digital nerve repair [89]. In 1990,
Chiu and Strauch compared autogenous vein grafts with conventional nerve graft in 22
patients. They demonstrated that autogenous vein grafts were as efficient as conventional
nerve grafts to bridge a small nerve gap (≤3 cm). But this study did show how long these
patients were operated after nerve injury [90]. Similar clinical study was performed by Laveaux
et al., and reported that vein grafts is less efficient than nerve grafts in delayed nerve repair
and vein grafts produce similar good results in emergency cases [91]. A long-term sensory
evaluation of nerve repair was performed by Lee and Shieh, and reported that vein conduit
grafts could produce excellent sensory recovery [92]. In 2001, Pogrel and Maghen used
autogenous vein grafts to repair continuity defects, ranged from 2 to 14 mm, of the inferior
alveolar nerves (n=6) and lingual nerves (n=10). All the patients received grafts between 4 and
10 months after injury. They found that vein grafts can form a physiological conduit for nerve
regeneration and are more successful with short gaps [93]. More recent interesting study
implanted male vein grafts to femoral nerve injury of female rats and found that male vein
cells could integrate into female injured nerve and participate in remyelination and nerve
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sciatic nerves in mice [87]. Use of the MSCs grafted conduits was shown to significantly
improve the survival of sensory neurons and motor function, and restore gastrocnemius
muscle function in mice. In a separate study, MSCs were loaded to silk fibroin-based conduits
that were filled with oriented silk fibroin filaments, which were tested for bridging a 10 mm-
long gap in rat sciatic nerve [88]. At the early weeks after nerve grafting, the grafted MSCs
were shown to enhance the gene expression of several growth factors, such as BDNF, bFGF,
and ciliary neurotrophic factor, and S100, a marker of Schwann cells. These were arguably
responsible for accelerated axonal elongation at 4 weeks, and an improved outcome in sciatic
nerve regeneration and functional recovery at weeks 12 in the groups treated with MSC-
grafted conduits, when compared to those treated with acellular conduits. The nerve regen‐
eration efficacy of the MSC-grafted conduits was shown to approach that of autologous nerve
grafts.

4. Nerve conduits in clinical applications

In the past decades, autogenous and polymer-based nerve conduits have been used for nerve
repair in clinic. Both of them have showed positive clinical outcomes in the patients.

4.1. Biological autogenous nerve conduits in clinical applications

Previous clinical studies show that autogenous vein conduits are able to repair nerve injury in
patients. A retrospective clinical study evaluated 22 digital nerve repairs in the finger using
autogenous vein conduits, and reported that two-point discrimination for 11 acute digital
nerve repairs with vein grafts and poor results for delayed digital nerve repair [89]. In 1990,
Chiu and Strauch compared autogenous vein grafts with conventional nerve graft in 22
patients. They demonstrated that autogenous vein grafts were as efficient as conventional
nerve grafts to bridge a small nerve gap (≤3 cm). But this study did show how long these
patients were operated after nerve injury [90]. Similar clinical study was performed by Laveaux
et al., and reported that vein grafts is less efficient than nerve grafts in delayed nerve repair
and vein grafts produce similar good results in emergency cases [91]. A long-term sensory
evaluation of nerve repair was performed by Lee and Shieh, and reported that vein conduit
grafts could produce excellent sensory recovery [92]. In 2001, Pogrel and Maghen used
autogenous vein grafts to repair continuity defects, ranged from 2 to 14 mm, of the inferior
alveolar nerves (n=6) and lingual nerves (n=10). All the patients received grafts between 4 and
10 months after injury. They found that vein grafts can form a physiological conduit for nerve
regeneration and are more successful with short gaps [93]. More recent interesting study
implanted male vein grafts to femoral nerve injury of female rats and found that male vein
cells could integrate into female injured nerve and participate in remyelination and nerve
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regeneration [94]. In 2012, Liard et al. evaluated that adult neural stem cells-loaded autogenous
vein grafts to reconstruct nerve gaps in pig model and demonstrated that neural stem cells
transplantation increased 2',3'-cyclic nucleotide 3'-phosphodiesterase (CNPase) expression
and promoted functional recovery of stimulodetection [95].

Autogenous muscle grafts are another option to provide a scaffold for the nerve fiber to grow.
In 1988, Norris et al. used frozen and thawed to denature skeletal muscle and transplanted
skeletal muscle to injured digital nerves in 8 patients. 7 out of 8 showed an excellent level of
recovery, MRC sensory clinical score S3+[96]. In 2008, Pereira et al. treated 38 patients with
leprosy by skeletal muscle autografts ranging between 2.5 cm and 14 cm length. The clinical
results showed that sensory recovery was noted in 89% patients and 80 % of ulcers caused by
posterior tibial nerve damage were healed [97]. Furthermore, to increase clinical effects, the
vein conduits filled with muscle are also used to bridge peripheral nerve gaps. The basic idea
is that vein could provide regeneration guidance and muscle serves supporter to avoid vein
collapse. In 1993, Brunelli et al. reported that vein plus muscle grafts could have similar
functional recovery to those found in traditional nerve grafts. More interestingly, axon number
in vein plus muscle grafts group is significantly higher than that of traditional nerve grafts
group [98]. In 2000, similar work was done by Battiston et al. 21 patients suffered nerve defects
of 5-60 mm were treated with vein filled with skeletal muscle. 85% of patients showed good
clinical results [99].

Although vein and muscle grafts are more available than nerve grafts, isolating vein and
muscle grafts also need second operation. To overcome this critical clinical problem, scientists
have developed different synthetic polymer-based nerve conduits for nerve repair.

4.2. Synthetic polymer-based nerve conduits in clinical applications

In 1998, Sanda Stanec and Zdenko Stanec used non-absorable polytetrafluoroethylene (ePTFE)
tube to reconstruct nerve defects between 1.5 to 6 cm length, and demonstrated that 78.6%
patients suffered 1.5 to 4 cm length nerve defects had functional motor and sensory recovery,
but only 13.3% patients suffered 4.1 to 6 cm length defects had similar recovery [100]. Due to
non-absorable nerve conduits need secondary surgery to remove them, most of synthetic nerve
conduits are made of biodegradable materials. In 2009, Rosson et al. evaluated 6 patients with
short-gap motor nerve injuries treated with bioabsorbable conduit, the NeurotubeTM, and
observed that all patients had some return of motor function. It demonstrated that motor
nerves with short-gap injuries could regenerate cross this conduit [101]. In 2011, Rinker and
Liau compared the clinical output of woven polyglycolic acid and autogenous vein conduits
for reconstruction of digital nerve gaps and reported that sensory recovery after digital nerve
reconstruction with autogenous vein conduit was similar to that using polyglycolic acid
conduit and similar cost profile and less postoperative complications were observed in both
of them [102]. Taras et al. reconstructed 22 isolated digital nerve lacerations in 19 patients with
a bioabsorable collagen conduit, and showed that 13 out of 22 achieved excellent results, 3 of
22 obtained good results, and there were no poor results [103]. A retrospective study of 10
cases was performed by Thomsen et al. in 2010. All patients were operated on for painful
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neuroma and underwent repair with collagen conduits (Revolnerv®, Orthomed). Fifty percent
patients had excellent or good results at static two-point discrimination testing [104].

Although nerve conduits are commercially available, their clinical application is far satisfied.
Limitations of nerve conduits in peripheral nerve repairs were reported by Moore et al, in 2009.
In this 4 cases report, 3 patients were treated with type I collagen nerve conduit (NeuraGen,
Integra NeuroSciences) and 1 patient was treated with polyglycolic acid nerve conduit (GEM
Neurotube, Synovis, Birmingham, AL, USA). There were no clinical effects in these patients.
Side effects were reported by some patients [105]. In 2010, Wangensteen and Kalliainen
reviewed 96 patients’ clinical data, who received type I collagen nerve conduit (NeuraGen,
Integra NeuroSciences) for nerve repair. Only 35-45% patients had sensory recovery [106].

5. Perspectives

Recent progress of biodegradable materials and stem cells provides more options for nerve
regeneration. Neural tissue engineering is a new thing but has been widely used for nerve
regeneration in basic research and clinical application. Although the research of peripheral
nerve repair has started many years ago, functional recovery is still unsatisfied. The functional
recovery largely depends on nerve gap, the location of injured nerve, patients’ age and
methods of treatment chosen. From the literatures, there are limited choices for nerve regen‐
eration: (1) For tiny nerve gap, microsurgery joining the distal and proximal stumps of the
damaged nerves should be first choice; (2) For small nerve gap (≤2-3 cm), autogenous nerve
or vein grafts and acellular nerve conduits can be used for nerve repair; (3) For larger nerve
gap (≥3 cm), just nerve conduits are not enough to support nerve regeneration. The studies of
animal trials showed that combination of nerve conduits with supporting cells could be best
choice to obtain maximum extent functional recovery. However, most popular animal model
for studying peripheral nerve regeneration is rat sciatic nerve injury model. Rat is a small
animal compared with human. It is impossible to expect that the similar functional recovery
would be obtained in the peripheral nerve injury patients with similar treatment done in rat
animal model. More works need to be done with large animals, such as monkey, to optimize
the approaches. Furthermore, personal medicine for cell therapy needs patients-derived cells.
Experience with induced pluripotent stem cells, induced neural stem cells, and induced
neurons make it possible to generate large quantity of patients-derived cells for clinical
application. Practically, multiple-disciplinary approaches should be combined together to
generate optimal clinical recovery for patients with peripheral nerve injury.
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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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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

Peripheral Neuropathy54

(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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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
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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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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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linked with increased production and release of neurotrophins, growth factors, and hormones.
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factor (NGF), BDNF and neurotrophin(NT)-3 and NT-4/5. These neurotrophic factors bind to
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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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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.
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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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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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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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1. Introduction

The objectives of this book chapter are to describe the diagnostics, clinical assesment and
surgical management of obstetric brachial plexus injury (OBPI) or brachial plexus birth palsy
(BPBP).

OBPI occurs during delivery process. The incidence of OBPI has been reported to vary between
0.38 and 5.8 for every 1000 live births [1-5]. The occurrence has increased despite the advances
in obstetrics, and medical technology [6, 7]. Reported risk factors for OBPI include shoulder
dystocia, macrosomia (defined as birth weight greater than 4500 g) [8-11]), instrument-assisted
delivery, and downward traction of the fetal head [3, 12, 13]. Shoulder dystocia is the most
prevalent risk factor in our patients [14]; almost all the children in our study had documented
shoulder dystocia [14]. Shoulder dystocia is, therefore, closely associated with the most severe
cases of permanent obstetric brachial plexus injuries [8, 9, 11]. However, permanent injury is
not exclusive to large infants; 80% of the OBPI patients in our published study were not
macrosomic and 43% (104/241) weighed less than 4000 g at birth [14]. OBPI that occur during
breech deliveries may have a different mechanism of onset, and are more likely to be bilateral.
Avulsions of the upper roots are more likely during breech than during vertex delivery [15,
16]. OBPI may also occur, although very rarely, during cesarean sections [17].

The most commonly affected roots are C5–6 (Erb’s palsy), because of their more superficial
location in the neck, are more vulnerable to injury. Less frequently, the entire plexus (C5–T1)
may be affected [18, 19]. The injury can be simple stretch or rupture or avulsion. Most of these
injuries are transient; patients recover functions spontaneously within the 3 months of life.
However, a significant proportion of these children tend to retain persistent limb deficits, never
recover full function and develop permanent injuries [1, 20, 21]. Unlike adults, children may
have complications from even the most simple nerve injury due to the growth issues that are
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present. The mildest and most common OBPI is neurapraxia; the most severe is avulsion [20,
22]. Both types of injury have the potential to result in permanent disability.

2. Diagnostics

Diagnostic tools used to identify which lesions are permanent in OBPI include computed
tomography (CT), magnetic resonance imaging (MRI), myelogram, and electromyography
(EMG) as well as nerve conduction velocity (NCV) studies [23-27]. Distinguishing pregan‐
glionic (avulsion) from postganglionic (rupture) lesions is critical, and can be difficult at initial
presentation based on clinical examination alone in these infants [26, 28]. Our experience with
MRI for pre-operative assessment of the spinal roots has been unfavorable. EMG testing is the
procedure of choice for preoperative evaluation of nerve-muscle integrity.

2.1. Radiological evaluation

In order to assess bony deformities of the shoulder joint, CT or MRI images of the patients are
studied before and after triangle tilt surgery. Posterior humeral head subluxation, glenoid
version, and SHEAR deformity are measured from the radiographs (CT/MRI scans). Glenoid
version (normal value=0) is measured as described by Friedman et al. [29] using axial CT/MRI
images (Figure 1). A scapular line connecting the mid-glenoid to the medial spine of the scapula
is constructed using Universal Desktop Ruler (AVPSoft.com, Voronezh, Russia). The angle
formed between the scapular line and a line drawn tangential to the glenoid surface interacting
closely with the humeral head is calculated and 90º is subtracted from it to measure the
glenoscapular angle. Posterior subluxation of the humeral head (Figure 1) is expressed as
percentage of humeral head anterior to the glenoid (PHHA, normal value=50), and calculated
from the ratio of the distance between the scapular line to the anterior aspect of humeral head
and the greatest diameter of the head, multiplied by 100.

The scapular deformity, also referred as SHEAR deformity is measured from the 3D recon‐
structions of the CT images (Figure 2). The area of the scapula visible above the clavicle is
measured and divided with the total area of the scapula for both affected and normal sides.
The ratio of the affected side is subtracted from that of the normal side and multiplied with
100 to obtain SHEAR deformity (normal value=0).

2.2. Clinical assessment

Shoulder function is assessed through the modified Mallet scale through video recordings of
patients performing the following movements: shoulder abduction, external rotation, hands
to mouth, hands to neck, hands to spine, and supination. For each functional Mallet parameter,
patients are scored on a scale of 1–5 with 5 as normal function, and 1 denoting lack of any
movement (Figure 3). Despite continuing improvements in diagnostic technology, at this time,
the final diagnoses must be made during surgery in complex or unclear cases.
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Figure 1. Schematic drawing showing the method of calculating glenoscapular angle (glenoid version θ), posterior
subluxation of the humeral head and spinoscapular angle (ζ) [40].

Figure 2. Measuring scapular elevation to quantitate the extent of the SHEAR deformity. Shown here is the CT for a
patient with 37% scapular elevation [42].
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Figure 3. Modified Mallet scale evaluation of function and arm appearance. In addition to assessing the classical
shoulder functions of the classical Modified Mallet system, supination and the resting position are evaluated. [19]

3. Non-surgical interventions

Non-Surgical interventions are physical and occupational therapies, electrostimulation,
neuromotor therapy, BTX-A injections and splinting. Among the most promising of these
methods is BTX-A treatment. This has been shown to treat biceps/triceps co-contraction
[30-32], and shown to improve biceps movement and strength [33]. BTX-A treatment for OBPI
has not been effective over long-term, in our experience.

4. Primary surgical solutions

There are three primary surgical solutions: neurolysis, neurotization (nerve transfer) and nerve
grafting. These may be performed alone or in combination with each other. The choice of which
peripheral nerve surgery technique is appropriate is based on which method will maximize
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and encourage the natural regenerative process of the nerve. We use nerve transfer and
grafting, depending on the intra-operative findings and with our surgical experiences. Injuries
of C5-C6 do not always warrant surgery if injury to C7 is minor. In patients where C8 and T1
are involved in addition to C5-C7, hand function is also affected, therefore nerve repair for the
upper and middle trunks is more likely to be required.

5. Surgical management

The decision of whether to surgically repair the nerves, however, does typically need to be
made in the first 6 months of life. Delay beyond this age in these patients lead to long-term
morbidity by causing muscle imbalances and weakness around the shoulder (the deltoid and
external shoulder rotators) [34-37], and bony deformities at the shoulder joint (glenohumeral
dysplasia and joint incongruity) [20, 38, 39]. These anatomical changes subsequently severely
impair the bone growth and development [20]. The major bony deformity that develops is
termed as the SHEAR (scapular hypoplasia, elevation, and rotation) deformity, which is
caused by the elevation and extrusion of the affected scapula beyond the clavicle [40]. The
abnormal anterior rotation of the clavicle together with the protracted scapula causes the
acromioclavicular plane to tilt forward and thereby lead to the impingement of the acromion
upon the humeral head [41, 42]. Significant secondary deformities that follow include medial
rotation contracture (MRC) and elbow flexion.

Early surgical interventions have been shown to improve the limb functions in this group of
patients [43, 44]. Management of secondary deformities in OBPI has typically been through
the performance of various operative procedures including tendon transfers, muscle releases,
axillary nerve decompression, humeral osteotomy, biceps tendon lengthening, glenohumeral
capsulorrhaphy and anterior capsule release [45-51].

5.1. Z-lengthening

Biceps tendon lengthening/ the Z-lengthening is an option in C5-C7 (asymmetric) nerve injury,
where the biceps recovers faster, thereby overpowering the triceps. The added length that is
achieved allows straightening of the elbow and provides additional length to the arm [19].

5.2. Ilizarov bone lengthening

In severe OBPI patients, who is left with severe bony rotational and shortening deformities
that are functionally limiting, the use of Ilizarov bone distraction technique is appropriate. This
technique is used for rotation and lengthening of the humerus as well as the forearm. Func‐
tional gains are significant as the hand is placed into a more useful position [19].

5.3. Posterior glenohumeral capsulorrhaphy

Posterior glenohumeral capsulorrhaphy tightens the posterior capsule surrounding the
humeral head and repositions it anteriorly. This procedure does not address the SHEAR
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deformity [40] and its central influence in the pathophysiology of the medial rotation contrac‐
ture. In our experience, on its own, posterior capsulorrhaphy is often not sufficient to address
the glenohumeral subluxation, as is predictable when taking the SHEAR into consideration.
In our experience, successful restoration of position and function in failed humeral osteotomy
patients has followed from surgically addressing the SHEAR deformity. It may be inferred
that the SHEAR correction, the Triangle Tilt surgery is a more specific operation because it
addresses the root cause of the medial rotation.

6. Muscle and bone deformities and their management

We have been less aggressive to nerve reconstruction and paying more attention to the
secondary and tertiary consequences of the initial nerve injury, based on developing and quite
compelling literature and on our own experience with several thousand patients [52]. We
described our preferred management for muscle injury as a result of OBPI, with supporting
clinical and literature evidence. The traditional muscle release operations do not adequately
address the pathophysiology of the shoulder in OBPI patients in our experience. Therefore,
the surgeon and the lead author (RKN) [53-55] has modified the previously described soft
tissue release operation [56], by coupling neurolysis and decompression of the axillary nerve
with an untethering release of soft tissue contractures (modified Quad, figure 4) [53-55]. We
have demonstrated that modified Quad [53-55] lead to better shoulder abduction and flexion
through releasing the existing contractures.

6.1. Modified Quad (figure 4)

1. Transfer of the latissimus dorsi muscle to give external rotation and abduction.

2. Transfer of the teres major muscle to stabilise the scapula.

3. Release of the subscapularis, pectoralis major and minor contractures.

4. Decompression and neurolysis of the axillary nerve [53, 54].

However, these procedures may not address the glenohumeral dysplasia and joint incongrui‐
ty. Restoration of glenohumeral congruity is therefore a primary objective in treating OBPI,
which then allows for maximum functional range of motion and improved limb growth. A
bony surgical procedure, Triangle Tilt (figure 5) [42, 44, 57-66] was therefore developed by the
lead author and surgeon (RKN).

6.2. The triangle tilt surgery consists of

1. osteotomy of the clavicle at the junction of the middle and distal thirds,

2. osteotomy of the acromion process at its junction with the spine of the scapula,

3. ostectomy of the superomedial angle of the scapula to reduce scapular winging,
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4. splinting of the extremity in adduction, external rotation and forearm supination.

This triangle tilt detaches the distal acromio-clavicular triangle-humeral head complex from
the abnormally positioned scapula, and tilts the acromio-clavicular plane back to neutral
position. This relieves the impingement of the acromio-clavicular triangle on the humeral head.
and allows the head to be repositioned passively into a neutral position within the glenoid
fossa (Figure 5), resulting in improved gleno-humeral joint congruency [42, 44, 57-66].

We have demonstrated the short (1 year), and long-term (2 years), and extended long term (5
years) benefits of triangle tilt surgery in OBPI patients (age between 0.9 and 17 year old) by
examination of their radiological reports as well as the modified Mallet functional scale [42,
44, 57-66]. In addition, triangle tilt surgery is a salvage procedure in failed humeral osteotomy
patients [58, 65]. Minor elements of the procedure include bone grafting of the acromion
process and clavicular osteotomy sites and semi-rigid fixation of the clavicular osteotomy
segments to prevent nonunion [19].

Figure 4. The Mod Quad Procedure improves shoulder abduction and flexion. Left, release of major internal rotator
muscles: subscapularis (not shown), teres major, latissimus dorsi, pectoralis major and minor. Right, teres major and
latissimus dorsi are transferred to the teres minor, increasing external rotation, abduction and scapular stability. Neu‐
rolysis and decompression of the axillary nerve further increase range of motion [19].
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4. splinting of the extremity in adduction, external rotation and forearm supination.
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Figure 5. Artist’s rendering of the triangle tilt surgery and anterior capsule release. Illustrated are osteotomies of the
clavicle, scapula, and acromion process, along with glenohumeral capsulodesis and anterior capsule release. [19]
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7. Conclusions

Based on our own experience with several thousand OBPI patients, we address primarily the
muscle and bony operations, and we are less aggressive to nerve reconstruction. These
procedures directly address the anatomy of the glenohumeral joint, and thereby resulting in
the best possible overall functional outcome. In addition, this minimize the morbidity, expense
and the invasiveness of surgery. Nerve reconstruction is reserved for those less common cases
where the C5 and C6 nerve roots will not recover.

Modified Quad surgery improves median nerve conduction, and active abduction in young,
as well as teen OBPI patients. The triangle tilt surgery improves all shoulder functions
significantly in short (1 year), and long-term (2 years), and extended long term (5 years) follow-
up, and further the functions are maintained over the extended time in these patients. We
recommend that the triangle tilt surgery be performed before the age of 2 years for optimal
improvements in outcomes of clinical functioning. This surgery can be performed as early as
nine months, and up until late adolescence (16-17 years). Optimal clinical outcomes are
achieved if this surgical procedure is performed before the age of 2 years, but improvements
in functioning are observed if the surgery is performed after this age as well.
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1. Introduction

Diabetic neuropathies are nerve disorders associated with diabetes, which affect approxi‐
mately half of all diabetes patients [1]. The most common complication of diabetes is caused
by hyperglycemia which can damage nerve fibers throughout the body [2]. Depending on the
types of nerves involved, diabetic neuropathies can be categorized as peripheral, autonomic,
proximal, focal neuropathies [3].

Because the pathogenesis mechanisms of diabetic neuropathy remain unknown, numerous
studies try to elucidate the underlying mechanisms of this disease. Several reports have
demonstrated that a variety of molecules are likely involved in the development of diabetic
neuropathy, such as protein kinase C, polyol, aldose reductase, advanced glycation end-
products, reactive oxygen species, cytokines [1-10]. Moreover, some risk factors including
metabolite, autoimmune, inherited traits and lifestyle, may contribute to the development of
diabetic neuropathy.

These multiple factors mentioned above might correlate with various symptoms of diabetic
neuropathy. These symptoms vary in different organ systems, such as the extremities,
digestive system, urinary tract, blood vessels, heart, and sex organs, depending on the nerves
affected [9, 10]. The symptoms usually include pain, foot ulcer, dysesthesia, numbness and
tingling of extremities, indigestion, nausea, vomiting, diarrhea, facial and eyelid drooping,
eyesight change, dizziness, muscle weakness, dysphagia, urinary incontinence, sexual
dysfunction, and speech impairment [2, 4, 9-11]

The symptoms remain minor initially and develop gradually over years. As a result, the
majority of patients do not even realize they are affected until the complications become
noticeable or severe. Accordingly, it is difficult to diagnose the disease in the early stages.
However, doctors can diagnose diabetic neuropathy based on the patients’ symptoms and
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physical examinations usually including ankle reflexes, loss of sensation in the extremities,
blood pressure, heart rate, muscle strength, vibration, temperature, or light touch [11-12]. In
addition, nerve conduction test, electromyography and ultrasound test may help diagnose the
disease [3, 4].

Due to the poorly understood mechanism, effective therapies that can cure diabetic neuropathy
remain elusive. However, there exist various options to prevent or treat the disease. To date,
the fundamental treatment for diabetic neuropathy is to keep blood glucose levels under
control to prevent further nerve damage [4]. Additionally, drug treatment also helps relieve
pain and other symptoms. The medications include tricyclic antidepressants, classic analge‐
sics, serotonin reuptake inhibitors and antiepileptic drugs [3, 13].

Because of the side effects of drug therapy, physical treatment can help alleviate pain and some
other symptoms, such as foot ulcer, muscle weakness, loss of sensation and sexual dysfunction.
The physical treatment include electrical nerve stimulation, gait training, posture training,
manual therapy, exercise programs, foot care, therapeutic ultrasound, hot wax, short wave
diathermy, photo energy therapy [12, 14, 15]. Moreover, healthy lifestyle, quitting smoking
will be beneficial to diabetic neuropathy. Recently, cell therapy has been proposed to treat
diabetic neuropathy [16].

In this chapter, we will discuss the mechanisms, symptoms, diagnosis, and treatment of
diabetic neuropathy.

2. Epidemiology

The incidence of diabetic neuropathy is the highest among diabetic complications, and diabetic
neuropathy develops early after the onset of diabetes [1, 13, 17]. The risk factors of diabetic
neuropathy are hyperglycemia and its persistence (Table 1).  Hypertension, dyslipidemia,
obesity, and cigarette smoking are also included in the risk factors in Western countries [1, 13, 17].

Factors Odds ratio

Total cholesterol 1.15

Triglyceride 1.21

Body mass index 1.27

HbA1c change degree 1.36

Smoking 1.38

Duration of diabetes mellitus 1.40

HbA1c level 1.48

Hypertension 1.57

Adjusted odds ratio for associations between key risk factors and the incidence of diabetic neuropathy with logistic
regression model; HbA1c: Hemoglobin A1c

Table 1. Risk factors of diabetic neuropathy [21, 22]
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For the prevention of diabetic neuropathy, blood glucose control is the most important [18,
19]. In a study investigating the prevalence of diabetic neuropathy in diabetic patients and
whether patients recognized the development of neuropathy, clinical diabetic neuropathy was
noted in 14% on average but not recognized by most patients [20].

3. Pathological mechanism

The pathological mechanism of diabetic neuropathy cannot be explained with a single cause,
and various hypotheses have been proposed (Table 2). These are roughly divided into
metabolic [23], vascular [24], and neuroregeneration disorder hypotheses [25].

1. Activation of polyol pathway

2. Down-regulation of intracellular myoinositol

3. Dysfunction of protein kinase C

4. Down-regulation of intracellular cyclic AMP

5. Inhibition of Na+/K+/ATPase

6. Degradation of nitric oxide

7. Advance of protein glycation

8. Increase of free radical

9. Disorder of polyunsaturated fatty acid synthesis

10. Disorder of prostaglandin synthesis

11. Action attenuation of a nerve growth factor

12. Nerve blood flow degradation, nerve vascular resistance enhancement

AMP: Adenosine monophosphate

Table 2. Potential pathogenesis of diabetic neuropathy

3.1. Impairment of polyol pathway

Altered peripheral nerve polyol metabolism has been implicated as a central factor in the
pathogenesis of diabetic neuropathy. Aldose reductase converts glucose to sorbitol (such as
polyol) using nicotinamide adenine dinucleotide phosphate (NADPH) as a coenzyme (Figure
1). Sorbitol is further converted to fructose by sorbitol dehydrogenase using nicotinamide
adenine dinucleotide (NAD+) as a coenzyme, constituting the bypass polyol pathway of
glucose metabolism [26].

In hyperglycemia accompanying diabetes, the cellular glucose level rises independently from
insulin, resulting in enhancement of aldose reductase activity, which elevates the intracellular
sorbitol level and, subsequently, the intracellular osmotic pressure. This condition induces
functional and structural abnormalities in tissue and cells.
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Figure 1. Polyol pathway. The polyol pathway consists of two-step metabolic pathway.

An aldose reductase reduces glucose in sorbitol. This reaction oxidizes nicotinamide adenine
dinucleotide phosphate (NADPH) to NADP+(the oxidized form of NADPH). Subsequently,
sorbitol dehydrogenase enzymatically oxidizes sorbitol to fructose, which also produces
nicotinamide adenine dinucleotide (NADH) from nicotinamide adenine dinucleotide (NAD
+). The inhibition of the aldose reductase is one of key element in the prevention of diabetic
complications.

In addition to osmotic pressure elevation, sorbitol accumulation decreases the intracellular
myoinositol content, which inhibits phosphoinositide metabolism and reduces protein kinase
C and Na+/K+/ATPase activities in peripheral nerves, being involved in the manifestation of
diabetic neuropathy.

3.2. Activation of protein kinase C

Hyperglycemia promotes the synthesis of an endogenous protein kinase C activator, diacyl‐
glycerol [27-30]. Actually, excess activation of β2-type protein kinase C in cardiovascular tissue
in an animal diabetes model has been reported. Enhanced vascular protein kinase C is involved
in permeability, the contractile force, and the differentiation and proliferation of cells.

Excess protein kinase C activation induces ischemia in peripheral nerves through increased
vascular permeability and thickening of the basement membrane and causes neuropathy.

3.3. Increase in oxidative stress

Hyperglycemia enhances NADPH oxidase expression and the endothelial nitric oxide
synthase (eNOS) uncoupling reaction in vascular endothelial cells, through which superoxide
is excessively produced [4, 31-33]. Nitric oxide (NO) is essential for endothelial cell function.

Excess superoxide decreases NO by binding to it, and this binding reaction promotes the
secondary synthesis of reactive oxygen species (ROS), such as peroxynitrite and hydroxyl
radicals. ROS have strong cytotoxicity, and an increase in ROS induces neurosis.

3.4. Other factors

Bone marrow-derived proinsulin-and tumor necrosis factor-α (TNFα)-producing cells appear
in a diabetic state [5, 34, 35]. These cells enter the dorsal root ganglions and peripheral nerves
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(axon and Schwann cells) and induce cell fusion. Fused cells impair Ca2+homeostasis and
induce apoptosis. The appearance of these abnormal cells is resolved by insulin treatment.

It has also been clarified that the abnormality of intracellular signal transmission systems in
nerve tissues including that of insulin signals is closely involved in abnormal peripheral nerve
function [36]. The peripheral neuropathy developmental mechanism may be a new target of
neuropathy treatment, other than blood glucose control.

4. Symptoms

The manifestation of subjective symptoms of diabetic neuropathy is the earliest among
complications of diabetic patients, and the incidence is the highest [1, 13, 17, 37]. Its pathology
starts with numbness and sensory disturbance of the four limbs, and manifests various clinical
pictures, such as autonomic neuropathy and mononeuropathy (Table 3).

1. Sensory disturbance is dominant

2. A disorder of an inferior limb is dominant, and a disorder of a superior limb is mild

3. Vibratory sensation is disordered since early stage

4. A tendon reflex of an inferior limb decreases since early stage

5. Ophthalmoplegia often accompanies

6. Autonomic neuropathy often accompanies

Table 3. Clinical features of diabetic neuropathy

Sensory symptoms accompanying diabetic neuropathy, such as pain and numbness, distress
patients, and subsequent hypoesthesia leads to the primary cause of lower limb amputation,
diabetic gangrene [9, 10, 38, 39]. Diverse symptoms of autonomic neuropathy (Table 4)
markedly reduce the Quality of Life (QOL) of patients [40, 41, 42].

1. Constipation, diarrhea, gastric hypokinesia (dull feeling in the stomach)

2. Dizziness (orthostatic hypotension)

3. Silent myocardial infarction: Myocardial infarction or angina without chest pain

4. Dysuria

5. Erectile dysfunction

6. Non-symptomatic hypoglycemia

Table 4. Diabetic autonomic neuropathy

Clinically, there are several disease types of diabetic neuropathy based on the distribution of
disorders and developmental pattern (Table 5).
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1. Hyperglycemic neuropathy

2. Symmetric polyneuropathy

1) Sensory / autonomic neuropathy

2) Acute painful diabetic neuropathy

3. Focal and multifocal neuropathy

1) Cranial neuropathy

2) Thoraco-abdominal neuropathy

3) Focal limb neuropathy

4) Diabetic amyotrophy

4. Mixed forms

Table 5. Classification of diabetic neuropathy [43]

In diabetic neuropathy, sensory neuropathy is dominant, but subjective sensory symptoms
generally do not extend to the proximity from the ankle joint in many cases, and its onset is
associated with numbness and pain of the toes and sole. The fingers are asymptomatic in this
stage, showing “tabi (socks with the big toe separated)-type” sensory symptoms, and this
pattern is frequently noted in routine medical practice.

In the late stage, “glove-socks-type” sensory abnormality manifests. Diabetic neuropathy cases
with the expansion of sensory symptoms to the precordium and parietal region have been
reported. This neurologic manifestation pattern is derived from the advancement pattern of
axon degeneration, and it occurs because the nerves in the lower limbs are longer than those
in the upper limbs.

Since diabetic neuropathy progresses slowly, the divergence between the upper and lower
limb symptoms may continue for a relatively long time. Regarding sensory disturbance, in
diabetic neuropathy in which positive symptoms of the feet, such as numbness and pain,
develop in the early to middle stage and negative symptoms, such as hypoesthesia, develop
in the terminal stage, generally, an abnormal autonomic nerve function appears from the early
stage and then autonomic nerve symptoms may manifest, but the manifestation of motor
neuropathy is late (Table 6).

N0 no neuropathy

N1 Asymptomatic neuropathy

N1a Abnormal of examination without neuropathy symptom

N1b Abnormal of examination with neurologic signs without neuropathy symptom

N2 Symptomatic neuropathy

N2a Abnormal of examination with neurologic signs with neuropathy symptom

N2b N2a plus weakness of ankle dorsiflexion 

N3 Disabling neuropathy

Table 6. Severity grade of diabetic neuropathy [3]
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5. Diagnosis

Diabetic neuropathy can be diagnosed when the patient has been diagnosed with diabetes and
other diseases causing polyneuropathy have been ruled out. Diseases required to be differen‐
tiated are shown in Table 7.

There are no diabetic neuropathy-specific symptoms or tests, and no diagnostic criteria with
international consensus have been established. Diabetic neuropathy has to be comprehensive‐
ly diagnosed based on various neurologic manifestations and test results [44-46].

The symptom characteristic of diabetic neuropathy is bilateral symmetric polyneuropathy
with dominance on the distal side, and it more frequently develops from the lower limbs,
particularly from the feet and crura, than from the upper limbs.

1. Ongoing diabetes mellitus

2. There is no disorder to cause neurological symptom besides diabetes mellitus

3. Symmetric symptom (spontaneous pain, paresthesia, hypaesthesia, anesthesia)

4. Attenuation of reflexes in the ankle or knee

5. Pallesthesia

6. Abnormal of electrophysiological neurologic function tests

7. Symptoms of autonomic neuropathy

Table 7. Diagnosis of diabetic neuropathy

Subjective symptoms are an abnormal sensation, cold sense, and hypoesthesia of the feet.
When thick myelinated nerve fibers are mainly impaired, an increase in the pallesthesia
threshold and reduction/loss of tactile sensation of the toes, movement velocity, sensory nerve
conduction velocity, and the tendon reflex are observed. When thin nerve fibers and unmye‐
linated nerves are impaired, an increase in the thermal sensation threshold and features of
autonomic neuropathy are observed. When 3 or more of these 4 items are present, the patient
is diagnosed with diabetic peripheral neuropathy.

The peripheral neuropathy signs important to objectively diagnose the disease stage of diabetic
neuropathy are summarized below:

5.1. Reduction/loss of Achilles tendon reflex

Since this symptom is frequently observed even in patients showing no symptoms, it is very
important to identify diabetic neuropathy in the asymptomatic stage [2, 4, 9-11].

A test in a kneeling posture (Babinski position), in which loss of the reflex can be readily
observed, is recommended. Many cases of diabetic neuropathy show bilateral abnormality,
and apparent laterality is a sign of lumbar vertebral disease [47].
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5.2. Pallesthesia

The impairment of vibration perception threshold is used to early diagnosis of peripheral
neuropathy [48-50].

An aluminum 128-Hz tuning folk is standard for the examination of pallesthesia. Since the
vibration of a tuning folk exponentially attenuates, the time required to reach the threshold is
almost constant when it is hit with a force stronger than a specific level. The base of a vibrating
tuning fork was placed on the hallux of the patient. The examiner asks the patients first if the
vibration is perceived. Next, the patient should inform the examiner when the vibration stops.
The diagnosis of diabetic neuropathy is to be suspected if the vibration duration sensation is
less than 10 seconds.

5.3. Peripheral nerve conduction velocity test

In this test, peripheral nerves are stimulated with electricity through the skin, and the nerve
conduction velocity and waveform are analyzed based on the reactions to diagnose and treat
diseases. When neuropathy occurs, the nerve conduction velocity decreases [51-53].

5.4. Monofilament

Activity of nerves perceiving tactile and pressure sensations is investigated by attaching a
monofilament to the foot. Perception decreases in diabetic neuropathy patients [54, 55].

5.5. Coefficient of respiratory heart rate variability

This is an autonomic nerve function test. Variation in the pulse with deep breaths compared
to that on rest is investigated using electrocardiography. Normally, pulse variation increases
on deep breathing, but this variation decreases when autonomic nerves are impaired [56].

6. Treatment

Early-stage diabetic neuropathy can be improved by blood glucose control alone, but it
becomes intractable after progression to a certain stage. Aldose reductase inhibitors are being
developed for treatment based on the metabolic disorder hypothesis of diabetic neuropathy,
but treatment with these drugs alone may be insufficient [57].

6.1. Blood glucose control

In a large-scale intervention study, Diabetes Control and Complications Trial (DCCT; http://
diabetes.niddk.nih.gov/dm/pubs/control/), 1,441 patients with insulin-dependent diabetes
received intensive insulin therapy or conventional insulin treatment for 6.5 years on average
[58]. In the intensive insulin therapy group, significant inhibition of the development and
advancement of neuropathy was demonstrated, showing that strict blood glucose control is
important for the prevention and treatment of diabetic neuropathy. However, rapid blood
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glucose control exacerbates neuropathy in some patients, and this condition is termed post-
treatment neuropathy. In these patients, neuropathy may have been present before the
initiation of blood glucose control. Generally, pain remits within one year. Thus, it is important
to relieve patients and remove their anxiety. For patients with poor blood glucose control and
complications, it is safe to slowly control blood glucose.

6.2. Aldose reductase inhibitor

Aldose reductase inhibitor inhibits the enhancement of polyol metabolic activity, a mechanism
of diabetic neuropathy development, and it is expected to be a specific therapeutic drug for
diabetic neuropathy [59-61].

Many aldose reductase inhibitors have been developed, and clinical efficacy was noted in
some. However, the evidence for the efficacy of aldose reductase inhibitor for diabetic
neuropathy is still insufficient. Epalrestat is a typical aldose reductase inhibitor. In a multi‐
center controlled clinical study with this drug, the conduction velocity of the median nerve
decreased over years in the untreated group, but the drug inhibited it. The effect was marked
in patients with favorable blood glucose control and a short duration of diabetic neuropathy.
Thus, it is desirable to administer epalrestat in consideration of the indication. The possibility
of epalrestat improving the autonomic nerve function has been reported, although it was a
small-scale study [59].

6.3. Antioxidants

The usefulness of antioxidants has been tested with regard to abnormal protein kinase C (PKC)
activity and oxidative stress, and the improvement of neurologic manifestations and physical
findings by α-lipoic acid has been reported [62, 63].

6.4. Incretin

Incretin (glucagon-like peptide-1: GLP-1 and glucose-dependent insulinotropic polypeptide:
GIP) has recently been attracting attention as a new anti-diabetes drug [64, 65].

Incretin has also been shown to act on cells or tissues other than pancreatic β cells, i.e.,
extrapancreatic actions [66]. Medical-experimentally, incretin and related drugs have various
neuroprotective actions, and the possibility of incretin being effective for diabetic neuropathy
has been reported [64, 65, 67].

6.5. Regeneration therapy

Functional improvement of vascular and nerve cells and regeneration of degenerated tissue
corresponding to the pathology of diabetic neuropathy are expected radical treatments of
diabetic neuropathy [16, 68].

In studies on regenerative medicine for diabetic neuropathy, precursor and stem cells isolated
and cultured from the bone marrow and fat tissue, stem cells induced to differentiate from
embryonic stem (ES) and induced pluripotent stem (iPS) cells, and bone marrow mononuclear
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in patients with favorable blood glucose control and a short duration of diabetic neuropathy.
Thus, it is desirable to administer epalrestat in consideration of the indication. The possibility
of epalrestat improving the autonomic nerve function has been reported, although it was a
small-scale study [59].
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activity and oxidative stress, and the improvement of neurologic manifestations and physical
findings by α-lipoic acid has been reported [62, 63].

6.4. Incretin

Incretin (glucagon-like peptide-1: GLP-1 and glucose-dependent insulinotropic polypeptide:
GIP) has recently been attracting attention as a new anti-diabetes drug [64, 65].

Incretin has also been shown to act on cells or tissues other than pancreatic β cells, i.e.,
extrapancreatic actions [66]. Medical-experimentally, incretin and related drugs have various
neuroprotective actions, and the possibility of incretin being effective for diabetic neuropathy
has been reported [64, 65, 67].

6.5. Regeneration therapy

Functional improvement of vascular and nerve cells and regeneration of degenerated tissue
corresponding to the pathology of diabetic neuropathy are expected radical treatments of
diabetic neuropathy [16, 68].

In studies on regenerative medicine for diabetic neuropathy, precursor and stem cells isolated
and cultured from the bone marrow and fat tissue, stem cells induced to differentiate from
embryonic stem (ES) and induced pluripotent stem (iPS) cells, and bone marrow mononuclear
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cells containing many of these precursor and stem cells are mainly used. Further investigation
aiming at clinical application is necessary.

6.6. Others

For the improvement of blood flow, prostaglandin E1, an oral prostacyclin derivative, cilosta‐
zol, and eicosapentaenoic acid (EPA) are effective in some cases.

6.7. Symptomatic treatment of pain

Pain develops in most disease types of diabetic neuropathy [69, 70].

Drug Action

Tricyclic antidepressant Serotonin–norepinephrine reuptake inhibitor

Carbamazepine Na+ channel block

Valproate Central inhibition via augmentation of GABA

Topiramate Na+ channel and AMPA receptor block

Lamotrigine Na+ channel block, central inhibition

Dextromethorphan Glutamate N-methyl-D-aspartate receptor antagonists

Tramadol Weak μ-opioid receptor agonist, Serotonin–norepinephrine reuptake inhibitor

Mexiletine Na+ channel block

Capsaicin Activation of transient receptor potential cation channel subfamily V member 1

Gabapentin α2δ Ca2+ channel inhibition

Pregabalin α2δ Ca2+ channel inhibition

Duloxetine Serotonin–norepinephrine reuptake inhibitor

GABA: gamma-aminobutyric acid, AMPA: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

Table 8. Drugs currently used in treatment of diabetic neuropathy and its action

Although the developmental mechanism of pain has not been fully clarified, the activation of
Na+and Ca2+channels in peripheral nerves is closely involved, and mexiletine and anticonvul‐
sants, with inhibitory actions, are effective.

The involvement of activation on the central side including the posterior horn of the spinal
cord increases as the condition becomes chronic, and tricyclic antidepressants, selective
serotonin reuptake inhibitor (SSRI), serotonin–norepinephrine reuptake inhibitor (SNRI), and
N-methyl-D-aspartate (MNDA) receptor antagonists, have become important with regard to
the site of action. The efficacy of opioids (tramadol and oxycodone) has also been reported.

On meta-analysis, tricyclic antidepressants were most effective. Among anticonvulsants, the
conventional type (carbamazepine and phenytoin) has been reported to be superior to the new
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type (gabapetine and pregabalin), with regard to the efficacy and adverse effects. Capsaicin
and lidocaine patches are also useful to alleviate symptoms.

6.8. Treatment of autonomic neuropathy

When autonomic neuropathy appears, organs innervated by autonomic nerves become
functionally abnormal, and diverse symptoms develop, such as dyshidrosis, orthostatic
hypotension, gastric asthenia, stool abnormality, bladder and erectile dysfunctions, and
hypoglycemia unawareness. When neuropathy is mild, modification of the blood glucose
control and lifestyle improves these functional disorders in many cases. When neuropathy is
advanced and impairs daily living activities, symptomatic treatment with drugs correspond‐
ing to the symptoms is necessary [41, 71].

For orthostatic hypotension, firstly, drugs likely to decrease the blood pressure are withdrawn,
and patients are instructed to avoid rapid postural changes while standing. Frequent ingestion
of a small amount of food is effective to prevent postprandial blood pressure reduction.
Compression of the lower limbs and abdominal region by wearing elastic underwear is
effective for orthostatic hypotension. Salt ingestion and the administration of fludrocortisone
acetate are also effective, but these are likely to cause edema and heart failure, to which
attention should be paid.

For erectile dysfunction, firstly, drugs likely to cause it should be withdrawn. For patients
requiring drug therapy, a phosphodiesterase inhibitor, sildenafil or vardenafil, is effective.
However, these are contraindicated for patients being treated with nitroglycerin and nitrous
acid medicine for ischemic heart disease because a phosphodiesterase inhibitor is very likely
to cause serious blood pressure reduction.

Gastric asthenia is treated with the frequent ingestion of a small amount of food and restriction
of fat and fiber ingestion. Symptoms are improved by these symptomatic treatments alone in
many mild cases. When drug therapy is necessary, metoclopramide and domperidone are
effective, but long-term administration may induce extrapyramidal symptoms as adverse
effects, to which attention should be paid.

7. Conclusion

Diabetic neuropathy is caused by dysfunction of the peripheral or central nervous system
associated with abnormally high levels of blood glucose. It is often chronic and disabling.
Advanced neuropathy not only reduces QOL of patients but also influences their vital
prognosis, shown by the high mortality of patients with autonomic neuropathy. Therefore, to
improve the vital prognosis and QOL of patients, it is important to perform periodic neuro‐
logical examination from the early stage for the early diagnosis and treatment of diabetic
neuropathy.
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