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Preface

Understanding the rapid changes in the evaluation and management of peripheral neuropa-
thies, as well as the complexity of their mechanism, is a mandatory requirement for the
practitioner to optimize patient’s care. The objective of this book is to update health care
professionals on recent advances in the pathogenesis, diagnosis and treatment of peripheral
neuropathy. This work was written by a group of clinicians and scientists with large exper-
tise in the field. In the first chapter of section one, Dr Emily A Ramirez and collaborators
reviewed the pathogenesis of neuropathic pain and identified the anatomical pathways and
the molecular mechanism of neuropathic pain. They reviewed the interaction between the
central and peripheral nervous system in chronic pain as well as its clinical assessment and
treatment. In the second chapter of section one, Dr Chengyuan Li and collaborators re-
viewed the pharmacological management of diabetic neuropathy. This was based on trans-
lational research from animal models of diabetic peripheral neuropathy. In the third chapter
of section one, Dr Sabatino Maione and collaborators reviewed the complex mechanisms of
painful neuropathy involving the central and peripheral nervous system. Based on these
mechanisms, they evaluated the use of cannabinoids and stem cells for the treatment of pe-
ripheral neuropathy. Dr Mendoza and Dr Salgado reviewed the diagnosis and management
of compressive neuropathies in the first chapter of section two. In the second chapter of this
section, Dr Jauregui-Renaud provided a comprehensive review on the role of Postural bal-
ance in the evaluation of peripheral neuropathy. In the last chapter of section two, Dr Kan-
bayashi and Dr Hosokawa reviewed the most recent advances in the pharmacotherapy of
postherpetic neuralgia.

I dedicate this work to the memory of my father, for his enduring love and guidance
throughout my career, he continued to serve as a source of inspiration. I extend my grati-
tude to my mother for her love and affection. I am continuously indebted to my wife Sonia
for her love, unconditional support and encouragement, without her help and sacrifice, this
work would not have been possible. I am also grateful to my son Sami and my beautiful
daughters Leila and Nora for their love and energy which continue to be a valuable source
of inspiration.

Dr Nizar Souayah

Neuromuscular Medicine Program Director

Director of Peripheral Neuropathy Center

Department of Neurology and Neuroscience
University of Medicine & Dentistry of New Jersey, USA
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Chapter 1

Neuropathic Pain:
From Mechanism to Clinical Application

Emily A. Ramirez, Charles L. Loprinzi,
Anthony Windebank and Lauren E. Ta

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55277

1. Introduction

A lesion or disease affecting the somatosensory system can cause a wide range of pathophy-
siologic symptoms including mild or severe chronic pain. Due to the diversity of etiologies
giving rise to nervous system damage that generates neuropathic pain, it has become a
ubiquitous health concern without respect for geographic or socioeconomic boundaries [1].
Within the developing world, infectious diseases [2-4] and trauma [5] are the most common
sources of neuropathic pain syndromes. The developed world, in contrast, suffers more
frequently from diabetic polyneuropathy (DPN) [6, 7], post herpetic neuralgia (PHN) from
herpes zoster infections [8], and chemotherapy-induced peripheral neuropathy (CIPN) [9, 10].
There is relatively little epidemiological data regarding the prevalence of neuropathic pain
within the general population, but a few estimates suggest it is around 7-8% [11, 12]. Despite
the widespread occurrence of neuropathic pain, treatment options are limited and often
ineffective, leaving many to live with the persistent agony and psychosocial burden associated
with chronic pain [13, 14].

Neuropathic pain can present as on-going or spontaneous discomfort that occurs in the absence
of any observable stimulus or a painful hypersensitivity to temperature and touch. This limits
physical capabilities and impairs emotional well-being, often interfering with an individual’s
ability to earn a living or maintain healthy relationships. It is not surprising, therefore, that
people with chronic pain have increased incidence of anxiety and depression and reduced
scores in quantitative measures of health related quality of life [15].

Despite significant progress in chronic and neuropathic pain research, which has led to the
discovery of several efficacious treatments in rodent models, pain management in humans

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
I m EC H 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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remains ineffective and insufficient [16]. The lack of translational efficiency may be due to
inadequate animal models that do not faithfully recapitulate human disease or from biological
differences between rodents and humans [16]. Whatever the cause, the translational gap
necessitates a bridge between clinicians and basic researchers in order to move from the clinic
to the laboratory and back into the clinic.

In an attempt to increase the efficacy of medical treatment for neuropathic pain, clinicians and
researchers have been moving away from an etiology based classification towards one that is
mechanism based. It is current practice to diagnose a person who presents with neuropathic
pain according to the underlying etiology and lesion topography [17]. However, this does not
translate to effective patient care as these classification criteria do not suggest efficacious
treatment. A more apt diagnosis might include a description of symptoms and the underlying
pathophysiology associated with those symptoms. This chapter attempts to define neuropathic
pain at the cellular and molecular level, as seen by a laboratory scientist, and then describe
how the manifestations of these pathophysiologic changes are observed in the clinic, as seen
by a clinician. It will then discuss a merger of the two points of view and suggest how this can
lead to better patient care through more effective treatment.

2. Definition of neuropathic pain

Neuropathic pain hasbeen defined by the International Association for the Study of Pain (IASP)
as “pain arising as the direct consequence of a lesion or disease affecting the somatosensory
system” [18]. This is distinct from nociceptive pain — which signals tissue damage through an
intact nervous system —in underlying pathophysiology, severity, and associated psychological
comorbidities [13]. Individuals who suffer from neuropathic pain syndromes report pain of
higher intensity and duration than individuals with non-neuropathic chronic pain and have
significantly increased incidence of depression, anxiety, and sleep disorders [13, 19].

Any trauma to the somatosensory system appears to have the capacity to cause a neuropathic
pain syndrome; yet the presence of any individual pathology does not guarantee the develop-
ment of neuropathic pain, highlighting the importance of genetic and environmental factors as
well as individual disease pathogenesis. To further complicate matters, individuals with
seemingly identical diseases who both develop neuropathic pain may experience distinct
abnormal sensory phenotypes. This may include a loss of sensory perception in some modali-
ties and increased activity in others. Often a reduction in the perception of vibration and light
touchis coupled with positive sensory symptoms such as paresthesia, dysesthesia, and pain [20].
Pain may manifest as either spontaneous, with aburning or shock-like quality, or as a hypersen-
sitivity to mechanical or thermal stimuli [21]. This hypersensitivity takes two forms: allodynia,
painthatisevoked from anormallynon-painful stimulus, and hyperalgesia, anexaggerated pain
response from a moderately painful stimulus. For a more extensive list of sensory signs and
symptoms associated with neuropathic pain see Table 1. Ultimately, the path towards effica-
cious treatment of chronic pain will include a clear understanding of how certain pathophysio-
logic changes lead to specific sensory signs and symptoms. This will allow clinicians to translate



Neuropathic Pain: From Mechanism to Clinical Application
http://dx.doi.org/10.5772/55277

measurable sensory abnormalities into underlying pathology. With a clear view of mecha-
nism, targeted treatment and individualized medicine become conceivable.

3. Anatomical overview of pain as a somatosensory modality

At the turn of the 20" century Charles Sherrington proposed the concept of pain-specific neural
circuitry and deemed neurons within this circuit “nociceptors” [22]. This “specificity theory”
of pain was competing for favor with the prevailing “pattern theory” which held that pain was
encoded by the same low-threshold sensory nerve endings that transmit information about
vibration and light touch through high frequency stimulation and central summation [23]. It
is now clear, as Sherrington proposed that the sensation of pain is encoded by a unique set of
peripheral and central neurons whose primary purpose is to alert the organism to a potentially
dangerous situation.

The nociceptive system detects noxious stimuli (i.e. that are of a sufficient magnitude to cause
bodily injury) and elicits appropriate avoidance behaviors. Detection begins with free nerve
endings in the skin or viscera that carry specialized membrane receptors capable of converting
high magnitude chemical, mechanical, or thermal energy into an electrical impulse. The
impulse is carried from the periphery to the dorsal horn of the spinal cord where neurotrans-
mitter release relays the activity to second order neurons. Here, signals from the periphery are
integrated with information from descending sources that modulate nociceptive circuitry in a
manner that is dependent on the environmental context. The sum of this exchange is carried
by secondary projection neurons to supraspinal nuclei which interpret the signal and create
the conscious perception of pain.

The nociceptive circuitis not static, however; there is tremendous plasticity, from the periphery
to the neocortex, which modulates the perception of pain to reflect the physiological needs of
the organism and optimize survival. This is best understood by considering two examples of
hypo- and hyper- sensitivity to pain: a time of war and an illness, respectively. Perceiving pain
during a period of intense stress, such as wartime, would decrease chances of survival by
increasing vulnerability to a more immediate threat. Conversely, in a low stress environment
activation of the inflammatory response as a result of illness or injury sensitizes nociceptors
leading to pain hypersensitivity, rest, and healing. Neuropathic pain, therefore, can be
considered an inappropriate hijacking of inherent neuronal plasticity to promote hypersensi-
tivity in contexts where it is not beneficial.

4. Peripheral nociceptors detect a noxious stimulus

Noxious stimuli are perceived by small diameter peripheral neurons whose free nerve endings
are distributed throughout the body. These neurons are distinct from, although anatomically
proximal to, the low threshold mechanoreceptors responsible for the perception of vibration
and light touch. Both low and high threshold afferents are pseudounipolar neurons of the

5
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dorsal root and trigeminal ganglion with peripheral terminals that extend into the skin/viscera
and central terminals that extend into the gray matter of the spinal cord or trigeminal nucleus
caudalis depending on whether they originated from the body or face, respectively. Low
threshold afferents, or AP fibers, can be distinguished from nociceptors by biochemical and
electrophysiological properties. AB neurons are large diameter, heavily myelinated, and fast
conducting fibers, while nociceptors fall into one of two functionally distinct categories: lightly
myelinated, medium diameter (1-5 pm) Ad fibers that mediate a sharp, well localized “first”
pain and unmyelinated, small diameter (0.2 — 1.5um) C fibers that mediate a duller, anatomi-
cally diffuse “second” pain. Together with A« fibers (which will not be considered here) Af,
AY, and C fibers constitute the somatosensory system.

5. Membrane receptors capture energy and modulate excitability

As mentioned above, the purpose of these primary afferents is to detect noxious stimuli in the
environment, for example a hot stove, or within the body as in an acidic or chemically
unbalanced stomach. This requires the translation of chemical or high magnitude mechanical
and thermal energy into an electrical impulse, a function carried out by a myriad of specialized
receptors and ion channels (e.g. sodium and potassium channels, G-coupled protein receptors,
receptor tyrosine kinases) that are embedded in the neuronal membrane. In addition to
primary detection of the stimulus, these specialized receptors/ion channels also play an
important role in nociceptive plasticity by regulating membrane excitability and dictating the
magnitude of stimulus required to generate an action potential.

A major breakthrough in understanding how nociceptors detect environmental stimuli came
with the discovery of the transient receptor potential (TRP) family of nonselective cation
channels [24]. These membrane-bound receptors — for the first time — provided a substrate by
which noxious energy could elicit neuronal depolarization. Each of the twenty-eight known
TRP family members has a unique profile of activation that includes thermal and chemical
stimuli [25]. The most well-characterized TRP channel, TRPV1, is activated by temperatures
>42°C and the chemical compound capsaicin (the “hot” component of chili peppers) under
normal physiological conditions [24]. In pathological states, TRPV1 has been implicated in
pain hypersensitivity in models of inflammation, diabetic neuropathy [26, 27], partial nerve
injury [28, 29], and chemotherapy- induced painful neuropathy [30]. Mechanistically, TRPV1
mediated hypersensitivity occurs as the result of changes in the expression, trafficking, and
activation potential of TRPV1 following nerve injury [31]. Components of the inflammatory
soup can modify TRPV1 by either direct allosteric modulation or indirect modification. For
example, protons may bind directly to the extracellular domain, or stimulation of membrane
bound receptor tyrosine kinases may trigger intracellular signaling cascades that result in
phosphorylation of an intracellular domain. These physical modifications lead to altered
activation kinetics and ultimately a lowered thermal or mechanical threshold for individual
nociceptors (Figure 1) [31]. The behavioral correlate of a cellular lowering of threshold is
hypersensitivity to thermal or mechanical stimuli i.e. allodynia and hyperalgesia.
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In addition to hypersensitivity, individuals with neuropathic pain frequently experience
ongoing spontaneous pain as a major source of discomfort and distress. Following trauma to the
peripheral nerve, ectopic activity was observed in primary nociceptors in the periphery,
suggesting thistobethemajorsource of spontaneous pain[32].Inhealthyindividuals,aquiescent
neuron will only generate an action potential when presented with a stimulus of sufficient
magnitude to cause membrane depolarization. Following nerve injury, however, significant
changesinion channel expression, distribution, and kineticslead to disruption of the homeostat-
icelectric potential of the membrane resulting in oscillations and burst firing. This manifests as
spontaneous pain that has a shooting or burning quality [31]. Three types of ion channels seem
tomediate this effect: two-pore domain K* channels (TRESK and TREK-2), voltage gated sodium
channels (VGSC; i.e. Na,1.8, Na,1.6, Na,1.1, Na,1.9) and hyperpolarization-activated cyclic
nucleotide-gated (HCN) channels (Figure 1) [31]. There is reasonable evidence to suggest that
individual ion channels contribute to specific neuropathic pain symptoms; for example Na,1.8
playsarolein cold-induced allodynia (for review see [33, 34]). The exact nature and extent of this
relationship is unclear, but it provides an intriguing therapeutic possibility: unambiguous
pharmacologic ion channel blockers to relieve individual sensory symptoms with minimal
unintended effects allowing pain relief without global numbness.

Dorsal Root Ganglion

Noxious Stimulus

Central Terminal
NT release

Peripheral Terminal

Molecular changes

Lowered threshold of activation through:

+ Reduced energy requirement for
AP generation
i.e. TRPV1/TRPA1 modifications

+ Changes in electric potential of

the membrane

i.e.Na2+, K+, and HCN channel
modulation

Figure 1. Pathophysiological changes associated with a primary afferent nociceptor. A pseudounipolar C-fiber
detects a stimulus in the skin or viscera, and an action potential (AP) is propagated along the axon prompting neuro-
transmitter (NT) release from the central terminal. Following nerve injury, modulation and modification of molecular
components can lead to painful hypersensitivity to stimuli as well as spontaneous or ongoing pain. For simplification
we portray a unidirectional flow of information, but it's interesting to note that generation of an AP or NT release as
well as the associated pathophysiological changes can occur at either terminal.
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6. Pain circuits of the dorsal horn integrate information

A cross section of a spinal cord reveals morphologically and biochemically distinct layers of
gray matter — Laminae of Rexed after the scientist who first described them — that integrate
input from a variety of ascending and descending sources (Figure 2) [35]. Each layer forms a
functional compartment containing a dense network of primary afferents, secondary projec-
tion neurons, descending fibers, and interneurons with unique patterns of connectivity. The
most superficial layers of the dorsal horn, laminae I and II, receive peripheral input almost
exclusively from Ad and C fibers while Af fibers innervate more medial laminae (III-IV)[36].
Lamina V contains wide dynamicrange polymodal projection neurons that receive direct input
from Ad and AP fibers as well as indirect input from C fibers [36]. Thus, it appears there is
both anatomical segregation (laminae I-IV) and integration (laminae V) of painful and non-
painful stimuli at the level of the spinal cord, providing the substrate for distinct pathophy-
siological mechanisms in the development of neuropathic pain.

It should be noted that primary afferents originating from the orofacial region project to the
trigeminal nucleus caudalis of the medulla rather than the dorsal horn of the spinal cord [37].
Similar organization, function, and pathophysiological mechanisms are observed in both
nuclei, so they will not be considered separately.

7. Central sensitization leads to painful hypersensitivity

Functional and structural changes of dorsal horn circuitry lead to pain hypersensitivity that is
maintained independent of peripheral sensitization [38]. This central sensitization provides a
mechanistic explanation for the sensory abnormalities that occur in both acute and chronic
pain states, such as the expansion of hypersensitivity beyond the innervation territory of a
lesion site, repeated stimulation of a constant magnitude leading to an increasing pain
response, and pain outlasting a peripheral stimulus [39-41]. In healthy individuals, acute pain
triggers central sensitization, but homeostatic sensitivity returns following clearance of the
initial insult. In some individuals who develop neuropathic pain, genotype and environmental
factors contribute to maintenance of central sensitization leading to spontaneous pain,
hyperalgesia, and allodynia.

At the cellular level, potentiation or facilitation of synapses in the dorsal horn leads to central
sensitization. The former is a type of homosynaptic strengthening whereby repeated neuro-
transmitter release from a primary nociceptor leads to post-synaptic molecular remodeling in
second order neurons, ultimately reducing the quantity of neurotransmitter required to
generate an action potential (i.e. hyperalgesia). This process resembles long term potentiation
(LTP), the molecular correlate of learning and memory, differing in the time-scale of associated
post-synaptic changes and several molecular components [42]. Like LTP, potentiation of
nociceptors in the dorsal horn is dependent on the post-synaptic function of ionotropic
glutamate receptors (N-Methyl-D-aspartic acid receptors; NMDAR) suggesting that this may
be a viable target for treating centrally maintained neuropathic pain.
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Similarly, facilitation also results in a lowered activation threshold in second order neurons,
but distinct from potentiation, the molecular changes occur in a nearby dendritic spine rather
than the spine receiving the nociceptive input. If the nearby dendritic spine is a silent partner
of an A3 afferent, molecular changes that lower the threshold recruit this primary afferent into
nociceptive circuitry resulting in the perception of pain from innocuous stimuli (i.e. allodynia).

In addition to heterosynaptic strengthening, phenotypic changes or dendritic sprouting of
AP fibers can lead to the incorporation of low threshold mechanoreceptors into pain circuitry.

Dorsal horn

Spinal cord

Figure 2. Neuronal architecture of the dorsal horn. Laminae (represented by numerals I-VI) are morphologically
and functionally distinct layers within the gray matter of the spinal cord. Lamina | primarily contains large projection
neurons that send processes up the spinal cord towards higher brain regions. Lamina Il, in contrast, is more heavily
populated with interneurons, many of which supply inhibitory signals to lamina | projection neurons. Lamina V con-
tains wide dynamic range neurons that receive primary input from multiple sensory modalities. Peripheral afferents
project to distinct laminae. While A8 and C fibers are associated with superficial laminae, AB fibers project more medi-
ally. For a comprehensive review of dorsal horn circuitry see [36].
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Two neuropeptides, substance P (S5P) and calcitonin gene-related peptide (CGRP) are normally
exclusively expressed by Ad and C fibers in the periphery. Following nerve injury, however,
AP fibers begin to manufacture these neuropeptides [43]. Additionally, there is evidence to
suggest that remodeling of A3 dendritic arbors can create novel circuitry [44]. These changes
all manifest as dynamic mechanical allodynia.

In contrast to the gain-of-function changes that take place in A fibers following injury,
inhibitory descending and interneurons experience a sharp loss-of-function. This loss of
inhibitory input releases the brake on neurotransmission and increases the excitatory current
in the superficial dorsal horn [45]. Although there is evidence that excitotoxicity contributes
to apoptotic loss of gamma-amino butyric acid (GABA)-ergic interneurons and descending
inhibitory neurons of the rostroventral medulla [46, 47], it has been argued that injury-induced
disinhibition is the result of attenuated efficacy of intact GABAergic interneurons that occurs
independent of cell death [48-50]. Activation of microglia, resident macrophages of the nervous
system, is a pathological hallmark of nervous system damage [51]. Release of brain-derived
neurotrophic factor (BDNF) from activated microglia is necessary and sufficient to shift the
anion reversal potential in lamina I projection neurons, reducing the effect of GABA in these
neurons [52]. Specifically targeting BDNF or activated microglia may be a viable treatment for
neuropathic pain.

8. Supraspinal nuclei interpret the signal

Activation of peripheral nociceptors elicits a complex behavioral response that allows an
organism to avoid the noxious stimulus immediately (by moving away from the source) and
in the future (by enhanced learning and memory). To carry out the sum of these behaviors the
pain circuit recruits a large number of cortical and subcortical regions that manage a variety
of aspects of cognition and perception. Prominent examples include areas of the brain
associated with motivation/reward, learning/memory, and somatosensation (reviewed in
[53]). Classically, pain in the brain has been described in terms of a particular pattern of
activation referred to as the “pain matrix”. Areas of the matrix can be classified as belonging
to one of two parallel pathways that control distinct aspects of pain: sensory discrimination
(e.g. location, duration, and intensity) or affective/motivational (e.g. feelings of suffering and
avoidance behaviors) [54, 55]. Increasing evidence gathered from rapidly evolving technology
has suggested this description to be an oversimplification, however, as it applies uniquely to
healthy individuals with experimentally induced acute pain [53]. Although useful, it is
important for the future of pain research and treatment that we continue evaluate the current
schematic, employing new technologies as they develop.

9. Decoding pain representation in the brain

Recent progress has expanded the current view of pain representation and encoding in the
brain by utilizing functional magnetic resonance imaging (fMRI), MR spectroscopy, MR
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morphometry, and diffusion tensor MRI. In a comprehensive review, Apkarian and colleagues
summarize this recent progress and propose a model that includes a temporal, as well as a
spatial, cerebral representation of pain [53]. They've suggested that in the context of acute
thermal pain activity in the anterior insula, nucleus accumbens (NAc), and mid-cingulum peak
prior to the conscious perception of pain, the “anticipation”, while perception is distinctly
correlated with peak activity in the anterior cingulate, mid- and posterior insula, and portions
of the dorsal striatum. Lastly, as the stimulus is extinguished bringing about “relief” regions
of the brainstem, in particular the periaqueductal grey (PAG), become active [53].

Another significant finding led to the disentanglement of the neural coding for two distinct
dimensions of a stimulus: the objective magnitude of an applied stimulus and an individual’s
subjective perception of stimulus intensity. Again using fMRI in the context of acute thermal
pain, Baliki et. al. suggest that actual stimulus intensity is encoded by large portions of the
cingulate and insular cortices while specific subsections of each, namely the anterior portion
of the cingulate and the posterior insula, correlate strongly with subjective perception [56].
Thus it appears that pain perception follows a similar processing stream as other sensory
modalities (e.g. vision, hearing, olfaction) wherein information about subjective magnitude is
extracted by specific regions of the insular cortex [53]. These findings are beginning to lay the
foundation for a clear and accurate representation of spatiotemporal coding of pain in the
brain, with the ultimate goal of correlating neural activity with distinct cognitive and behav-
ioral functions.

10. Morphological and functional changes in the brain are associated with
chronic pain

Chronic pain conditions are associated with vast functional and structural changes of the brain,
when compared to healthy controls, but it is currently unclear which comes first: does chronic
pain cause distortions of brain circuitry and anatomy or do cerebral abnormalities trigger and/
or maintain the perception of chronic pain? Future studies will clarify these questions.

Brain abnormalities in chronic pain states include modification of brain activity patterns,
localized decreases in gray matter volume, and circuitry rerouting [53]. Observation of overall
brain activity patterns in a variety of chronic pain conditions has led to the discovery that
spontaneous and evoked pain are uniquely represented in the brain [53]. Spontaneous pain
associated with chronic back pain and PHN induce increased activity in the mPFC and
amygdale while acute thermal pain and allodynia associated with PHN illicit larger responses
in the thalamus and insula [53]. Similar activity patterns are observed in thermal and mechan-
ical acute pain in healthy individuals and knee pain associated with osteoarthritis, all forms
of evoked pain [53].

Chronic pain conditions are associated with localized reduction in gray matter volume, and
the topography of gray matter volume reduction is dictated, at least in part, by the particular
pathology. Chronic back pain, for example, is associated with a loss of bilateral dorsolateral
prefrontal cortex and unilateral thalamic gray matter [57] while irritable bowel syndrome
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displays a volume reduction in the insula and cingulate cortex [58]. In addition, gray matter
atrophy has been suggested to occur in a variety of pain conditions including fibromyalgia,
knee osteoarthritis, and headaches [59-66]. These changes appear to represent a form of
plasticity as they are reversible when pain is effectively managed [63, 67, 68]. How or why
individual pathologies result in distinct morphological distortions and what impact these
changes have on individual pain perception remains to be determined.

Changes in brain circuitry have also been reported in patients with chronic back pain [69].
Baliki et. al. found that when an acute thermal stimulus is applied to the skin of healthy subjects,
activity in the NAc at the end of the stimulus response cycle is strongly correlated with the
insula. This is distinct from patients with chronic back pain where activity in the NAc is
strongly correlated with the medial prefrontal cortex (mPFC) [69]. The resulting activity in the
NAc is divergent as the phasic response observed in healthy subjects has been correlated to
the prediction of reward while the activity pattern in chronic pain patients represents lack of
reward or disappointment [69]. Although there is no difference in the reported perceived
magnitude of the stimulus, this suggests that subconsciously chronic pain patients are
disappointed when an acute pain stimulus is removed, begging the question, what are the
resultant cognitive and behavior manifestations? This opens up the field to a series of questions
considering the effects of subconscious components of brain activity on perception of pain and
resultant behaviors.

11. Neuropathic pain diagnosis

Persistent pain is the single most common ailment that brings people to a primary care
physician each year, accounting for approximately 40% of all visits [70]. Measurements of
overall health-related quality of life, a multidimensional construct that takes into account
physical, emotional, and social well-being, are depressed in chronic pain patients [15], and the
resulting work absenteeism and elevated health care costs represent a substantial economical
and societal burden [71-74]. Although effective management of chronic pain would certainly
reduce this burden, treatment options are inadequate and often wrought with adverse health
effects [15]. It is becoming increasingly clear that the path towards efficacious pain manage-
ment is one of individualized medicine that stems from an understanding of the underlying
pathophysiology and resultant sensory abnormalities [31, 75-77]. Although this may be the
future of pain management, the current understanding of an individual “sensory phenotype”
and dearth of clinical trials utilizing this perspective prevent immediate implementation. The
following sections will highlight the current evidence based methods of diagnosing and
treating neuropathic pain and suggest the future of research and clinical practice.

12. Clinical history

By definition, neuropathic pain indicates direct pathology of the nervous system while
nociceptive pain is an indication of real or potential tissue damage. Due to the distinction in
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pathophysiology, conventional treatments prescribed for nociceptive pain are not very
effective in treating neuropathic pain and vice versa [78]. Therefore the first step towards
meaningful pain relief is an accurate diagnosis.

Identifying neuropathic pain in a clinical setting begins with a thorough review of the patient’s
history through evaluation of previous medical records and verbal communication with the
patient. Standardized screening tools such as the Leeds Assessment of Neuropathic Symptoms
and Signs (LANSS) [79], the Douleur Neuropathique en 4 questions (DN4) [12], and painDE-
TECT [13] can guide clinician through a series of questions aimed at indentifying possible
neuropathic pain. In completing these questionnaires patients are asked to describe their pain
in terms of quality (i.e. pricking, tingling, pins and needles, electric shocks/shooting, burning)
and context (i.e. provoked by heat, cold, or pressure) [80]. In addition to verbal descriptors,
the LANSS and DN4 also include a short bedside examination of sensory abnormalities.
Although each screening tool is unique, they have similar sensitivity and specificity, between
80-85% for both parameters [80]. This suggests that approximately 1 in 5 patients who fit the
criteria for neuropathic pain as determined by the screening tool and 20% of all individuals
who've been evaluated are misdiagnosed. This reaffirms that careful clinical judgment is
necessary to make an accurate diagnosis.

Additional information that is not included within the standardized questionnaires can also
be useful in diagnosing neuropathic pain. Mapping pain topography allows the clinician to
consider whether a lesion is anatomically logical, and descriptions of frequency (i.e. on-going,
spontaneous) and intensity (e.g. mild, moderate, severe, excruciating or 1-10) can aid in
identifying a potential mechanism [1].

13. Clinical examination

Evaluating sensory function in a bedside examination can be helpful in assessing neuropathic
pain. Since a lesion of the nervous system will often manifest as decreased sensitivity in some
sensory modalities and increased sensitivity in others, objectively measuring each sensory
modality can aid in forming a diagnosis. Guided by the patient’s history, the putative lesion
innervation territory is tested while the contralateral side of the body serves as a control.
Testing consists of touching the patient’s skin with calibrated tools that elicit a response in a
subset of peripheral neurons. For example, brushing the skin lightly will tests sensitivity of
AP mechanoreceptors while a thermoroller will test heat sensitive C fibers [1]. For a list of
bedside sensory tests see Table 1.

14. Pharmacological treatment of neuropathic pain

Treating neuropathic pain requires a multifaceted approach that aims to eliminate the
underlying etiology, when possible, and manage the associated discomforts and emotional
distress. Although in some cases it is possible to directly treat the cause of neuropathic pain,
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for example surgery to alleviate a constricted nerve, it is more likely that the primary cause is
untreatable, as is the case with singular traumatic events such as stroke and spinal cord injury
and diseases like diabetes. When this is the case, symptom management and pain reduction
become the primary focus. Unfortunately, in most cases complete elimination of pain is not a
feasible endpoint; a pain reduction of 30% is considered to be efficacious [21]. Additionally,
many pharmacological treatments require careful titration and tapering to prevent adverse
effects and toxicity. This process may take several weeks to months, and ultimately the drug
may be ineffective, necessitating another trial with a different medication. It is therefore
necessary that both doctor and patient begin treatment with realistic expectations and goals.

Signs and Symptoms Bedside Test Pathological Response
Abnormal Sensations
; Touch skin with cotton swab or )
Hypoesthesia Reduced sensation
gauze
Hypoalgesia Prick skin with pin Reduced sensation
Paraesthesia Reported — grade intensity 1-10

Spontaneous Pain

Shooting Reported — grade intensity 1-10
Ongoing Reported — grade intensity 1-10
Evoked Pain

Allodynia/Hyperalgesia

Cold Touch skin object <20°C Painful, burning sensation

Heat Touch skin object "/>40°C Painful, burning sensation

) Sharp burning superficial pain in
) ) Move object (cotton swab or gauze) ) A )
Dynamic Mechanical ) putative lesion territory as well as
along skin
unaffected area

Sharp burning superficial pain in
Punctate Mechanical Pinprick with sharp object putative lesion territory as well as

unaffected area

; ) ) Dull pain in putative lesion territory
Static Mechanical Apply gentle pressure to skin
as well as unaffected area

Pinprick with sharp object at 3s
Temporal Summation Sharp pain with increasing intensity
intervals for 30s

Table 1. A list of bedside tests used to identify signs and symptoms that are suggestive of neuropathic pain.

Recently, the Neuropathic Pain Special Interest Group (NeuPSIG) of the International Asso-
ciation for the Study of Pain reviewed the evidence-based guidelines for the pharmacological
treatment of neuropathic pain and made recommendations that take into account clinical
efficacy, adverse effects, effects on health related quality of life, convenience, and cost [81].
These findings as well as more recent evidence are reviewed here.
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First-line medications for the treatment of neuropathic pain are those that have proven efficacy
in randomized clinical trials (RCTs) and are consistent with pooled clinical observations [81].
These include antidepressants, calcium channel ligands, and topical lidocaine [15]. Tricyclic
antidepressants (TCAs) have demonstrated efficacy in treating neuropathic pain with positive
results in RCTs for central post-stroke pain, PHN, painful diabetic and non-diabetic polyneur-
opathy, and post-mastectomy pain syndrome [82]. However they do not seem to be effective
in treating painful HIV-neuropathy or CIPN [82]. Duloxetine and venlafaxine, two selective
serotonin norepinephrine reuptake inhibitors (SSNRIs), have been found to be effective in DPN
and both DPN and painful polyneuropathies, respectively [81]. Adverse affects associated with
TCAs and SSNRIs are relatively mild and can be mitigated by a slow titration beginning with
a low dose [81].

Gabapentin and pregabalin have also demonstrated efficacy in several neuropathic pain
conditions including DPN and PHN [81, 82]. Both drugs exert their effects by inhibiting
neurotransmitter release through binding of the a,-d subunit of presynaptic calcium channels
[83]. Adverse effects and efficacy of gabapentin and pregabalin are similar; however prega-
balin may provide more rapid analgesia due to straightforward dosing determined by linear
pharmacokinetic [78]. Topical lidocaine (5% patch or gel) has significantly reduced allodynia
associated with PHN and other neuropathic pain syndromes in several RCTs [81, 82]. With no
reported systemic adverse effects and mild skin irritation as the only concern, lidocaine is an
appropriate choice for treating localized peripheral neuropathic pain.

In the event that first line medications, alone or in combination, are not effective at achieving
adequate pain relief, second line medications may be considered. These include opioid
analgesics and tramadol, pharmaceuticals which have proven efficacy in RCTs but are
associated with significant adverse effects that warrant cautious prescription [15]. Although
opioid analgesics are effective pain relievers in several types of neuropathic pain [81, 82, 84],
they are associated with misuse or abuse, hypogonadism, constipation, nausea, and immu-
nological changes [15]. Because many of these side effects can be mitigated by a low dose,
careful titration, and short term use, opiates are an appropriate choice for treating acute or
episodic neuropathic pain [81]. Careful consideration should be given when prescribing
opiates to patients who have a personal or family history of drug or alcohol abuse, and
additional monitoring to ensure appropriate use may be necessary.

Tramadol, a weak opioid p-receptor agonist and serotonin and norepinephrine reuptake
inhibitor (SNRI), is more effective than placebo but less effective than strong opioid p-receptor
agonists (e.g. morphine and oxycodone) in treating neuropathic pain [82]. Although the risk
is considerably less than opioid analgesics, tramadol is also associated with abuse [81]. A rare
but potentially fatal serotonin syndrome has been described, and tramadol may increase the
likelihood of seizures or interact with other medications [15].

Recent clinical trials have considered additional intervention strategies with possible utility in
treating neuropathic pain, although their efficacy remains tobe determined. Treatmentsinclude
botulinumtoxinfor PHN and postoperativeallodynia[85,86], highconcentrationcapsaisinpatch
forthetreatmentof PHN and painful HIV neuropathy[15], and lacosamide, anantiepilepticdrug
with suggested efficacy in treating DPN [87-89]. There is also accumulating evidence that
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intravenous Ca*" and Mg?* may be effective at preventing CIPN caused a commonly used
chemotherapeutic, oxaliplatin, without attenuating its antineoplastic efficacy [9].

15. Non-pharmacological treatment of neuropathic pain

The use of alternative and complementary medicine is on the rise, particularly in the United
States [90]. Although anecdotal evidence abounds, there are relatively few RCTs supporting
the use of such therapies. It is important in considering these treatments, however, that the
lack of evidence is not read as evidence of lacking efficacy. The scarcity of well controlled,
robust clinical trials considering non-pharmacological treatments of chronic pain makes it
difficult to recommend or dismiss these alternative treatments. A few studies have examined
the use of acupuncture, herbal therapy, massage, hypnosis, and biofeedback on easing chronic
pain but have yielded mixed results (for a review see [90]). The difficulty in standardizing
treatment, inherent to these multi-faceted approaches, is a major obstacle in drawing reliable
conclusions. Additionally, small sample sizes and lack of obvious controls are also significant
barriers. Despite these hurdles, which obscure evidence-based conclusions, non-pharmaco-
logical treatments are often prescribed in conjunction with evidence-based recommendations
due to low risk of accompanying adverse effects.

Deep brain stimulation, a neurosurgical technique by which an implanted electrode delivers
controlled electrical impulses to targeted brain regions, has demonstrated some efficacy in
treating chronic pain but is not routinely employed due to a high risk-to-benefit ratio [91].
Targeting the periventricular/periaqueductal gray, internal capsule, and sensory thalamus has
demonstrated efficacy in various pain conditions [91], but not all types of chronic pain are
responsive. An intriguing new target, the NAc, has recently emerged as a potential site for
deep brain stimulation as it has demonstrated efficacy in a case study of post-stroke pain [92].
As studies of pain processing in the brain have suggested, the pattern of activity in the NAc is
divergentin nociceptive and chronic pain representation, validating this structure as a possible
therapeutic target [69].

Another type of electro-stimulation device is emerging as a promising therapeutic tool for the
treatment of neuropathic pain [93, 94]. Delivering repeated pulses of electrical stimulation
trans-cutaneously, termed Scrambler therapy, has demonstrated some efficacy with lasting
effects in CIPN [94], postsurgical pain, PHN, and spinal canal stenosis [93]. With few adverse
effects and low associated risk, this may be a viable alternative to pharmacological treatment.

16. The future of neuropathic pain management correlating symptoms to
mechanism

Limited efficacy of current pain treatment options has necessitated a revaluation of the
standard classification of neuropathic pain in clinical practice [17] [31, 75-77]. It has been
suggested that within etiology based neuropathic pain syndromes there are distinct subgroups
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of patients who experience similar “symptom constellations” representing distinct pathophy-

siological mechanisms [95]. Furthermore, these symptom constellations can be seen, albeit in

different proportions, across neuropathic pain syndromes, suggesting that the same underly-

ing mechanism can cause neuropathic pain within and apart from the initiating etiology.

Hypothetically, with this understanding comes an approach of targeted treatment that aims

to identify the pathophysiological mechanism and specifically inhibit, block, or enhance the

offending molecules. To implement this type of treatment will require a more intimate

understanding of the mechanisms of neuropathic pain and the corresponding symptom

manifestations. As this becomes defined, specific treatments can begin to emerge, and clinical

trials can test the efficacy of this approach. See Table 2 for examples.

Signs and Symptoms

Example Mechanisms

Targeted Treatment

Spontaneous Pain
_ Ectopic impulse generation, Na%* ;

Shooting ) Selective Na?* channel blocker
channel dysregulation
Inflammation in nerve root, central Cytokine antagonists, Calcium

Ongoing sensitization (potentiation), channel blocker, NMDA receptor
disinhibition antagonist

Evoked Pain

Allodynia/Hyperalgesia

Cold

Modulation of TRPM8 or Na*

channels in peripheral nociceptors

TRPMS8 receptor antagonist,

Selective Na?* channel blocker

Heat

Modulation of TRPV1 in peripheral

nociceptors

TRPV1 receptor antagonist

Dynamic Mechanical

Central sensitization (potentiation

and facilitation), disinhibition

Ca?* channel blocker, NMDA

receptor antagonist

Punctate Mechanical

Central sensitization (potentiation

and facilitation), disinhibition

Ca?* channel blocker, NMDA

receptor antagonist

Static Mechanical

Modulation of unknown
mechanoreceptors in peripheral

nociceptors, TRPA1

Temporal Summation

Central sensitization

Ca?* channel blocker, NMDA

receptor antagonist

Table 2. Hypothetical examples of how signs and symptoms obtained in a bedside examination might indicate
underlying pathophysiological mechanism. Once a putative mechanism has been established there is a potential for
selective and specifically targeted treatments to be applied. For a comprehensive review see [21].
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17. Genetic and environmental determinants of pain susceptibility

A major challenge in treating neuropathic pain is the heterogeneity of disease pathogenesis
within an individual etiological classification. Patients with seemingly identical diseases may
experience completely different neuropathic pain phenotypes, possibly due to genetic and
environmental variation. A holistic approach to treating neuropathic pain, therefore, will
require identification of risk or determinant factors that may play a role in neuropathic pain
severity, progression, duration, or presentation.

Although there are major obstacles to studying the genetics of pain in humans, a few potential
biomarkers have been identified [96]. A candidate gene association study, which compares
allele frequencies between cohorts of patients with and without a particular trait, has yielded
evidence that a polymorphism in catechol-O-methyltransferase (COMT) is associated with
temporomandibular joint disorder [97, 98]. Other similar studies have identified alleles for the
p-opioid receptor 1 (OPRM1) [99] and the melanocortin-1 receptor (MCR1) [100] as potential
determinants of sensitivity to opioid induced analgesia. A separate approach to identifying
genetic determinants of pain biology uses rodent models and has also yielded promising
results. Using this method, Tegeder et. al. identified a haplotype for the enzyme GTP cyclo-
hydrolase 1 (GCH1), the rate limiting enzyme in the synthesis of tetrahydrobiopterin (BH4)
[101]. BH4 is an important cofactor in the synthesis of serotonin, catecholamines, and all nitric
oxide synthases [101] and plays a role in the development of chronic pain [96].

18. Conclusion

Neuropathic pain is a major source of physical and mental disability worldwide. Itis associated
with severe societal and individual psychosocial burden and will continue to be a major health
concern until more effective treatments emerge. One of the biggest barriers to successful
management of neuropathic pain has been the lack of understanding in the underlying
pathophysiology that produces a pain phenotype. To that end, significant progress has been
made in basic science research. From the discovery of the nociceptor and individual ion
channel transducers to the mapping of pain representation in the brain, a foundational
understanding has been laid. As we continue to build on this foundation, it is essential that
strong communication exists between the laboratory and the clinic in order to ensure effective
translation. With optimism we suggest that this could lead to better patient care and lessen the
worldwide impact of neuropathic pain.
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1. Introduction

1.1. Overview of DPN

In diabetes mellitus, nerves and their supporting cells are subjected to prolonged hypergly-
cemia and metabolic disturbances and this culminates in reversible/irreversible nervous
system dysfunction and damage, namely diabetic peripheral neuropathy (DPN). Due to
the varying compositions and extents of neurological involvements, it is difficult to obtain
accurate and thorough prevalence estimates of DPN, rendering this microvascular
complication vastly underdiagnosed and undertreated [1-4]. According to American
Diabetes Association, DPN occurs to 60-70% of diabetic individuals [5] and represents the
leading cause of peripheral neuropathies among all cases [6, 7]. As the incidence of diabetes
is approaching global epidemic level, its neurological consequences are estimated to affect
some $300 million people worldwide [8] and costs 15 billion dollars on annual health-
care expenditures in the U.S. alone [9].

1.1.1. A Complex natural history

Because diverse anatomic distributions and fiber types may be differentially affected in
patients with diabetes, the disease manifestations, courses and pathologies of clinical and
subclinical DPN are rather heterogeneous and encompass a broad spectrum [1, 10, 11].
Additionally, dietary influences, risk covariates, genetic and phenotypic multiplicity further
perplex the definition, diagnosis, classification and natural history of DPN [6, 10, 12, 13].
Current consensus divides diabetes-associated somatic neuropathic syndromes into the
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focal/multifocal and diffuse/generalized neuropathies [6, 14]. The first category comprises
a group of asymmetrical, acute-in-onset and self-limited single lesion(s) of nerve injury or
impairment largely resulting from the increased vulnerability of diabetic nerves to
mechanical insults (Carpal Tunnel Syndrome) (reviewed in 15). Such mononeuropathies
occur idiopathically and only become a clinical problem in association with aging in 5-10%
of those affected. Therefore, focal neuropathies are not extensively covered in this chap-
ter [16]. The rest of the patients frequently develop diffuse neuropathies characterized by
symmetrical distribution, insidious onset and chronic progression. In particular, a distal
symmetrical sensorimotor polyneuropathy accounts for 90% of all DPN diagnoses in type
1 and type 2 diabetics and affects all types of peripheral sensory and motor fibers in a
temporally non-uniform manner [6, 17].

Symptoms begin with prickling, tingling, numbness, paresthesia, dysesthesia and various
qualities of pain associated with small sensory fibers at the very distal end (toes) of lower
extremities [1, 18]. Presence of the above symptoms together with abnormal nociceptive
response of epidermal C and A- fibers to pain/temperature (as revealed by clinical examina-
tion) constitute the diagnosis of small fiber sensory neuropathy, which produces both painful
and insensate phenotypes [19]. Painful diabetic neuropathy is a prominent, distressing and
chronic experience in at least 10-30% of DPN populations [20, 21]. Its occurrence does not
necessarily correlate with impairment in electrophysiological or quantitative sensory testing
(QST). Some have suggested pain to reflect the pathobiological changes of serum glucose level
at least in individuals with pre- or recent diagnosis. Consistent with this notion, severe
neuropathic pain often presents as a typical feature in acute reversible sensory/hyperglycemic
neuropathy and its onset and remission following glycemic control can be indicative of
spontaneous repair of nerve damage in the early phase of DPN [1, 10, 22, 23]. Pain in many
diabetics may persist, however, only to be alleviated as progressive and irreversible nerve
deterioration and loss of thermal sensitivity take place [10, 21]. Large myelinated sensory fibers
that innervate the dermis, such as A{, also become involved later on, leading to impaired
proprioception, vibration and tactile detection, and mechanical hypoalgesia [19]. Following
this “stocking-glove”, length-dependent and dying-back evolvement, neurodegeneration
gradually proceeds to proximal muscle sensory and motor nerves. Its presence manifests in
neurological testings as reduced nerve impulse conductions, diminished ankle tendon reflex,
unsteadiness and muscle weakness [1, 24].

Both the absence of protective sensory response and motor coordination predispose neuro-
pathic foot to impaired wound healing and gangrenous ulceration—often ensued by limb
amputation in severe and/or advanced cases [25, 26]. This traumatic procedure is performed
on approximately 100,000 Americans every year and is a major attributing factor for diabetes-
related hospital bed occupancy and medical expenses [27]. Although symptomatic motor
deficits only appear in later stages of DPN [25], motor denervation and distal atrophy can
increase the rate of fractures by causing repetitive minor trauma or falls [24, 28]. Other unusual
but highly disabling late sequelae of DPN include limb ischemia and joint deformity [6]; the
latter also being termed Charcot’s neuroarthropathy or Charcot’s joints [1]. In addition to
significant morbidities, several separate cohort studies provided evidence that DPN [29],



From Animal Models to Clinical Practicality: Lessons Learned from Current Translational Progress of...
http://dx.doi.org/10.5772/55364

diabetic foot ulcers [30] and increased toe vibration perception threshold (VPT) [31] are all
independent risk factors for mortality. Overall, neuropathic pain, foot complication as well as
various associated psychosocial comorbidities inflict a significant diminution on the quality
and duration of life of individuals affected by DPN, which in turn is raising an escalating
health, social and economic problem in both developed and developing countries [4, 14].

1.2. A medical challenge

Unfortunately, current therapy for DPN is far from effective and at best only delays the onset
and/or progression of the disease via tight glucose control, the only established means for
managing diabetic complications in the U.S. Several large-scale, multicenter and landmark
clinical studies, including Diabetes Control and Complication Trial, provided irrefutable
evidence that chronic hyperglycemia is a leading factor in the etiology and treatment of DPN
[32-36]. However, euglycemia cannot always be achieved through aggressive insulin therapy
or other anti-diabetic agents. Even with near normoglycemic control, a substantial proportion
of patients still suffer the debilitating neurotoxic consequences of diabetes [34]. On the other
hand, some with poor glucose control are spared from clinically evident signs and symptoms
of neuropathy for a long time after diagnosis [37-39]. Thus, other etiological factors independ-
ent of hyperglycemia are likely to be involved in the development of DPN. Data from a number
of prospective, observational studies suggested that older age, longer diabetes duration,
genetic polymorphism, presence of cardiovascular disease markers, malnutrition, presence of
other microvascular complications, alcohol and tobacco consumption, and higher constitu-
tional indexes (e.g. weight and height) interact with diabetes and make for strong predictors
of neurological decline [13, 32, 40-42]. Targeting some of these modifiable risk factors in
addition to glycemia may improve the management of DPN.

Meanwhile, enormous efforts have been devoted to understanding and intervening with the
molecular and biochemical processes linking the metabolic disturbances to sensorimotor
deficits by studying diabetic animal models. In return, nearly 2,200 articles were published in
PubMed central and at least 100 clinical trials were reported evaluating the efficacy of anumber
of pharmacological agents; the majority of them are designed to inhibit specific pathogenic
mechanisms identified by these experimental approaches. Candidate agents have included
aldose reductase inhibitors, AGE inhibitors, y-linolenic acid, a-lipoic acid, vasodilators, nerve
growth factor, protein kinase C3 inhibitors, and vascular endothelial growth factor. Notwith-
standing a fruitful of knowledge and promising results in animals, none has translated into
definitive clinical success (Figure 1). While the notorious biochemical heterogeneity and
temporal non-uniformity of the disease processes among and even within individuals can take
much of the blame, investigators must take into serious consideration the marked differences
between animals and humans, which may substantially impair the application of experimental
data to clinical settings. The following sections of this chapter describe the clinical outcomes
of these pathogenetic treatments that put previous observations generated by animal studies
into perspective, and discuss the molecular, cellular and physiological roots underlying the
limited translation.
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Clinical Status of Anti-DPN Drugs Identified Through
Animal Models

u Withdrawn (Toxicity)

# Withdrawn (Lack of Efficacy)

= Withdrawn (Toxicity & Lack of
Efficacy)

u Approved with Marginal Benefits

u Status Pending

Figure 1. Summary of Current Clinical Status of Anti-DPN Drugs Developed via Animal Models. Data are generated
from published experimental and clinical results to date on pharmacological agents (a total of 23 drugs) targeting
pathogenetic mechanisms listed in but not limited to section 2.

2. Pharmacological management of DPN via targeting pathogenetic
mechanisms: From animal models to clinical practice

2.1. Managing metabolic derangements

2.1.1. Polyol pathway and aldose reductase inhibitors

Polyol pathway arose as a plausible link of glucose dismetabolism to DPN in middle 1960s [43]
and has received much interest due to the strong evidence accumulating from experimental
diabetic rats [44]. Two consecutive oxidoreductive reactions essentially constitute the polyol
pathway: the rate-limiting NADPH-dependent aldose reductase (AR) reduces glucose to
sorbitol, which then becomes the substrate for NAD*-dependent sorbitol dehydrogenase
(SDH) and oxidized into fructose. Although AR has a high K, for glucose under the physio-
logical condition, hyperglysolia (high intracellular glucose concentration) can excessively
activate this enzyme resulting in a nearly 4-fold induction in glucose disposal through this
pathway in human erythrocytes [45, 46]. Because these polyhydroxylated alcohols have little
transmembrane diffusibility, their retention within ocular lens fibrils of hyperglycemic rats or
rabbits was proposed to cause hyperosmotic perturbation of intracellular metabolites,
electrolytes and other osmolytes and subsequent hydropic cataractogenesis as observed. All
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of these were preventable and reversible by blocking AR [47-51]. In mice, transgenic overex-
pression of the gene encoding human AR (hAR) in lens epithelia submitted these cataract-
resistant animals to sugar-induced polyol deposit and cataract formation, which became more
acute when coupled with genetic SDH deficiency [52]. Studies of type 1 and type 2 diabetes
models, including alloxan- and streptozotocin (STZ)-induced diabetic rats and leptin-deficient
ob/ob mice, soon confirmed a significant elevation of sorbitol and fructose in sciatic nerves,
dorsal root ganglia (DRGs) and spinal cord. This correlated with nerve/axonal conduction and
transport deficiencies, loss of intraepidermal nerve fibers, increased neural and endoneurial
oxidative-nitrosative stress as well as thermal hypoalgesia and tactile allodynia [43, 53-57]. A
“polyol hypothesis” derived from diabetic lens was thus propelled to the pathogenesis of DPN
[47]. In keeping with this notion, AR inhibitors that reduce nerve polyol levels showed
remarkable preservation of nerve structure and function in rats with either spontaneous or
chemical-induced diabetes [53, 58-60]. Systemic hAR overexpression combined with STZ-
induced diabetes led to an exacerbated but AR inhibitor-preventable peripheral nerve sorbitol
and fructose buildup, electroactivity suppression and myelinated fiber atrophy [61]. A similar
biochemical and electrophysiological but not morphological abnormality was obtained with
Schwann cell (SC)-targeted hAR transgenic mice, indicating that SC AR hyperactivity con-
tributes to many, though not all pathological change of DPN [62]. Conversely, AR-knockout
mice showed no obvious sorbitol accumulation, conduction slowing, oxidative stress, or stress
kinase activation. Additionally, there were fewer loss of sural nerve fibers in AR-deficient mice
compared to wild-types (WTs) [63]. Since galactose has approximately 4 times higher affinity
for AR than glucose [64] and its reduction product galactitol is poorly disposed, galactose-rich
diet was used as a popular substitute for classical hyperglycemic models to exemplify and
examine the role of excessive polyalcohol formation in the genesis of diabetic cataract and
neuropathy [47]. Along the line with “aldo-osmotic theory”, galactosemic rodents that accrue
much greater level of this alternate AR metabolite also exhibit similar and sometimes more
severe electrophysiological, anatomical and biochemical defects that are seen diabetic models
[65-67]. However, galactosemia is a rare metabolic condition in humans (less than 0.002% of
the population) [68] and the galactosemic lens and nerves often manifest functional and
structural lesions resulting from acute and exaggerated galactitol intoxication that differ from
those of diabetic cataract and neuropathy [47, 69-71]. Hence, galactose-fed animals are neither
appropriate models for studying diabetic complications nor good replacements for character-
izing the pathogenetic involvement of sorbitol pathway in these conditions. Other studies
further revealed that neither the morphometrical [59] nor functional indices in DPN correlate
with the tissue sorbitol content [72, 73]. Instead, nerve myo-inositol content is more closely
related to the neurophysiological function according to most reports. Depletion of cytoplasmic
myo-inositol, protein kinase C activation and tubulin/Na*/K*-ATPase complex formation were
proposed mechanisms that mediate polyol pathway overflow-induced impairment of Na"/K
*-ATPase ion pumping and subsequent reduction of nerve conduction velocity (NCV) [45, 55,
74]. In addition, augmented cofactor consumption by AR and SDH not only deprives gluta-
thione reductase of NADPH and the capacity to regenerate reduced glutathione (GSH) [45]
but also contributes to an imbalanced redox state of NADH/NAD* [75], thus promoting
oxidative and vascular injury [63, 76, 77].
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Overall, the above and numerous other observations obtained from the use of animal models
demonstrated consistently that increased polyol metabolism is a strong and readily reversible
component in the pathogenesis of diabetes-induced degenerative changes. However, data
from human studies indicated no convincing association between the elevation of glucose flux
via AR and neuropathic development. Whereas nerves from amputated limbs of diabetic
individuals contained significantly higher concentrations of sorbitol and fructose than non-
diabetics [78], an assessment of sural nerve biopsies by Dyck et al. found that over two thirds
of subjects with mild to severe clinical signs or symptoms of DPN had a normal polyol content
[79]. A later study by the same group was able to show an inverse relationship between nerve
sorbitol level and myelinated fiber density but not other neurological parameters [80].
Importantly, none of the nerve specimen analyses identified a decrease in myo-inositols in
relation to DPN, in contrast with the invariable observations of myo-inositol deficiency in
rodent models. Likewise, dietary supplementation of myo-inositol prevented and reversed a
variety of pathophysiological processes associated with early DPN in rats [81, 82] but failed to
normalize any peripheral nerve deterioration in patients with a recent diabetes onset [83, 84].
Nevertheless, the prominent success of AR inhibitors (ARIs) in preventing and reversing
experimental diabetic cataract and neuropathy [58, 60, 85-89] as well as the findings of AR gene
polymorphisms in diabetic microvascular complication [90-93] spurred a broad enthusiasm in
the clinical exploration of these ARIs. While the use of various ARIs almost always prevented
or reversed the lens opacification in diabetic rats [94], whether they can reduce the risk of
cataract formation in human diabetics remains unclear. This is because most experimentally
induced diabetic cataracts occur acutely and possess distinct morphological alterations similar
to the features seen with the rare juvenile form of diabetic cataract. Contrasting the juvenile
form, the majority of cataracts in diabetes has a dubious sorbitol increase and is represented
by the slow, refractive cataract change in diabetic adults [95]. Therefore, a direct evaluation of
the use of ARIs as an anti-cataract treatment is difficult in these animal models.

With regard to DPN, two earliest ARIs to be tested for their clinical efficacy in treating DPN
were Alrestatin and Sorbinil, which were the prototypic ARIs belonging to the chemical classes
of succinimide and spirohydantoins, respectively. Alrestatin produced minor subjective
benefit but no improvement on NCV or other objective examinations [96, 97]. While Sorbinil
moderately reduced the NCV decline and increased the density of regenerating myelinated
fibers in sural nerves [98, 99], its influence on pain and vagal function is questionable and no
meaningful therapeutic effects were experienced by patients with diabetic autonomic or
polyneuropathy [100-102]. Both Sorbinil and Alrestatin were withdrawn from the clinical
setting due to a high rate of toxicity involving photosensitive skin rash [1, 14]. Tolrestat, an
acetic acid compound, was able to halt the progression of subclinical peripheral and autonomic
deficits in a 52-week duration but had only a mild benefit on chronic symptomatic sensori-
motor neuropathy [103-106]. The poor electrophysiological outcome and the incidence of fatal
hepatic necrosis eventually led to discontinuation of Tolrestat study [107]. In the cases of the
carboxylic acid class of ARIs, Ponalrestat manifested minimal tissue penetration and nerve
sorbitol reduction, in spite of its good pharmacokinetics and pharmacodynamics in diabetic
rats [108-110]. Although Zopolrestat and Zenarestat demonstrated a dose-dependent amelio-
ration in NCV deficits, both of them failed to significantly improve the clinical endpoints
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without causing serious adverse reactions [111, 112]. Ranirestat, or As-3201, emerged as a
spirosuccinimide with a better drug profile, and was effective in increasing NCVs and sensory
function in a phase II trial of mild to moderate diabetic sensorimotor polyneuropathy [113].
The large-scale long-term Phase III trial of Ranirestat, however, did not show statistically
significant differences in sensory parameters compared to placebo at all doses tested [114].
Another spirohydantoin, Fidarestat, displayed increased tolerability and a similar degree of
improvement in subjective measures to that of Sorbinil [115]. After phase III evaluation, a
minor therapeutic value was concluded for Fidarestat in the literatures and its further
development was suspended for financial reasons [14, 116]. To date, Epalrestat is the only ARI
approved for clinical use in Japan. Despite its success in delaying nerve conduction and sensory
abnormalities in a randomized, open label, controlled multicenter trial among Japanese
patients [117], the efficacy of Epalrestat has not been confirmed in other populations and
appears only marginal in other documentations [1, 118]. In an attempt to identify a meaningful
treatment effect of ARIs for clinical DPN, Chalk et al conducted a meta-analysis for 13 trials of
ARIs involving 879 treated participants and 909 controls. This report found no difference in
the overall outcome (SMD -0.25, 95% CI -0.56 to 0.05), nerve conduction parameters or foot
ulcers between treatment and control group [119]. Similarly, a previous meta-analysis of
studies published before 1996 testing four different ARIs indicated that AR inhibition achieved
less than 1 m/s offsets in the decline of median and peroneal motor nerve conduction velocity
(MNCV) as the single true statistical change [120]. Given these inconclusive results and safety
issues, FDA has not approved any of the aforementioned agents for pharmacological inter-
vention of DPN. Although a number of confounding factors, including unexpected placebo
effect and trial design, have been blamed for the disappointing clinical outcome, the lack of
clear sensory protection by ARIs puts the relevance of polyol pathway to DPN into question.

2.1.2. Advanced glycation and aminoguanidine

Animal and cell studies have well established the contribution of advanced glycation end
products (AGEs) to diabetic tissue damage. Nerves, retina and kidney do not depend on insulin
for glucose uptake and absorb this energy substrate as a direct function of the circulating
glucose concentration. Prolonged hyperglysolia cultivates the glucose autoxidation, decom-
position of the Amadori products (fructosamines) following adduction of glucose to the amino
groups of lysine residues in the proteins, and fragmentation of glycolytic intermediates (such
as glyceraldehyde-3-phosphate and dihydroxyacetone phosphate). All of these gives rise to
glyoxal, 3-deoxyglucosone and methylglyoxal within the cells [121]. These highly reducing
dicarbonyls are AGE precursors or glycating agents that non-enzymatically react with
intracellular nucleotides, proteins, lipids, extracellular matrix and plasma components [122].
The last one is best reflected by the elevated serum glycosylated hemoglobin [HbAlc] level in
diabetes. AGE modification of growth factors [123], endocytotic proteins [124], cytoskeletal
actin and filaments [125, 126], interstitial matrix and adhesive molecules [127] as well as serum
albumin [128] were found in increased amounts in hyperglycemia-treated endothelial cells or
diabetic rats and these associated with increased vascular damage, endocytosis, cytoskeletal
disassembly, fluid filtration and albuminuria. In both human diabetics and STZ-rats, there was
enhanced AGE deposition in peripheral nerves compared to healthy controls as indicated by
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immunohistochemical assay [129, 130]. Particularly, pentosidine, a long-lived AGE marker,
was significantly elevated in the cytoskeletal protein extracts isolated from diabetic subjects
[130, 131]. Moreover, nerve specimens that harvest more AGEs also manifest lower myelinated
fiber density.

With respect to intervention, aminoguanidine was the earliest chemical characterized for its
anti-glycation activity. It is a hydrazine that preferably and competitively binds to AGE
precursors and prevents further irreversible protein glycation [132]. Later studies discovered
that besides inhibition of AGE formation, aminoguanidine can negatively act on inducible
nitric oxide synthase [133], amine oxidase [134] and reactive oxygen species [135]. Such
plethoric pharmacological properties suggest that aminoguanidine is not an appropriate
investigational tool for the role of advance glycation in diabetic pathology. However, the
continuous use of this compound in preclinical and clinical research was justified by its
promising therapeutic effects in rat model of diabetic nephropathy [136], retinopathy [136] and
neuropathy [137]. Whereas treating diabetic rats with various doses of aminoguanidine
prevented or ameliorated the decrease in nerve blood flow, slowing of NCVs, endoneurial
microvessel expansion and failure of sensory nerve regeneration [137-141], subcutaneous
injection of aminoguanidine did not improve any of the structural or functional abnormalities
in STZ-induced type I diabetic baboons [142]. Although the authors concluded that accumu-
lation of AGEs is not likely an early mechanism of nerve damage in DPN, this discrepancy
may also reflect considerable species differences. Indeed, none of the large standardized
clinical trials proved a significant advantage of aminoguanidine over placebo in patients, who
had well-established diabetic nephropathy [143, 144]. Rather, aminoguanidine adversely
affected gastrointestinal, hepatic, respiratory and immune functions and finally led to
termination of the studies. For these reasons, no further evaluation of the efficacy of amino-
guanidine in treating DPN was pursued.

2.2. Blocking signaling conducers

2.2.1. Protein kinase C and ruboxistaurin

Protein kinase C (PKC) is a ubiquitous serine/threonine kinase of numerous isoforms and
cellular functions. Observations in retinal and glomerular tissues from diabetic animals in
vitro and in vivo support the hypothesis that elevated glycolysis subsequent to hyperglycemia
dramatically raises 1,2-diacylglycerol (DAG) synthesis. In turn, DAG activates a majority of
PKC family members, including PKC-a and - [45]. Enhanced expression and activity of PKC
isoforms, primarily PKC-B, pathologically affect vascular contractility and permeability
thereby compromising microcirculation and causing microvascular occlusion [14, 145]. These
deleterious consequences have been suggested by many to contribute to the vascular insults
and development of retinopathy, nephropathy and cardiovascular disorder in diabetes.
However, DAG and PKC upregulation is not a uniform pattern of change in every complica-
tion-prone tissue. Unlike the findings in nonneural diabetic complications, nerve DAG levels
fall in diabetes and experimental rodent models have presented decreased, increased and
unaltered PKC activity [146-148]. Studies of mesangial and smooth muscle cells have linked
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PKC activation to diminished Na*/K*-ATPase function [149]. On the other hand, both PKC
antagonists and agonists normalized Na/K* pumping in peripheral nerves of diabetic animals,
suggesting a conflicting involvement of PKC enhancement and diminishment in the mecha-
nism of Na'/K*-ATPase deficits [146]. It is thus intriguing how administration of a PKC-{3
selective inhibitor, L Y333531, restored sciatic nerve blood flow and NCVs in STZ-induced
diabetes [150, 151]. In addition, little data from humans, if any, has been obtained to support
a PKC change in diabetic peripheral nerves. These experimental results nonetheless implicated
PKC inhibition as a prospective avenue for anti-diabetic complication to investigators. The
same inhibitor LY333531 (by Eli Lily) with a generic name Ruboxistaurin entered clinical
evaluation as a treatment for DPN. In the trial of a small cohort of patients, Vinik et al reported
that a 32 mg/day Ruboxistaurin for 6 months elicited significant alleviation on skin microvas-
cular blood flow, total sensory symptoms and quality of life [152]. Recently, a 18-week
treatment of Ruboxistaurin to a smaller subset of patients with type 2 diabetes proved
beneficial in improving total symptom score (NTSS-6) and quality of life [153]. Unfortunately,
this did not translate to a multinational, randomized, phase II, double-blind, placebo-control-
led study consisting of 205 patients at an equal or double dosage of Ruboxistaurin [154].
Although Ruboxistaurin is well tolerated, Eli Lily withdrew its marketing authorization
application.

2.3. Increasing neurotrophic support

2.3.1. Growth factors and growth factor replacement therapy

Mammalian nervous system depends on a group of endogenous and heterogeneous biomo-
lecules for proper physiological functions including growth, survival, differentiation and
regeneration. Nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF) and
neurotrophin-3 (NT-3) from the neurotrophin family are retrogradely transported to neuronal
cell bodies after secretion from organs innervated by nerve terminals. These three neurotro-
phins regulate the activity of small nociceptive and sympathetic sensory fibers, medium size
sensory and motor fibers, large diameter sensorimotor and sympathetic neurons, respectively
[155]. Other frequently studied growth factors in this context are glial-derived neurotrophic
factor (GDNF), ciliary neurotrophic factor (CNTF) as well as insulin-like growth factor-1
(IGF-1), which are expressed by peripheral glia and/or neurons and manifest diverse trophic
effects on sensory, motor and autonomic nerves [156]. In experimental rodent models, the
protein and/or mRNA levels of NGF, BDNF and NT-3 have been observed to both upregulate
and downregulate in peripheral nerves, sensory glia and such target tissues as skin keratino-
cytes, skeletal muscles and submandibular glands [157-164]. Despite these conflicting reports,
it is generally believed that the retrograde and anterograde axonal transport of these neuro-
trophins are diminished in diabetic nerves [14, 165]. Similarly, IGF-1 and CNTF were found
to be reduced in various tissues examined in type 1 and type 2 diabetic rat models [166-168].
In STZ or diabetic BB/Wor rats, deficient NGF and IGF-1 level correlated with inadequate
macrophage recruitment and Wallerian degeneration after sciatic nerve injury [166, 169]. As
postulated by the authors and others, this may explain the perturbed nerve regeneration in
diabetes. Considering the highly dynamic nerve degeneration/regeneration in the initial stage

37



38 Peripheral Neuropathy - A New Insight into the Mechanism, Evaluation and Management of a Complex Disorder

of DPN, growth factor therapy early in disease progression may minimize the damage and aid
the axonal repair. To this end, abundant support has been produced using an array of
spontaneous, chemical or transgenic diabetic models administered recombinant growth
factors. Of note, NGF treatment restored neuropeptide level, C-fiber function and dermal
myelinated innervation, alleviated neuropathic pain and promoted injury repair [156].
Whereas BDNF and NT-3 elicited a preferential attenuation in the structural and functional
changes of large myelinated sensory and motor fibers [14], GDNF and IGF-1 showed a broad
preservation of somatic and autonomic nervous system [19, 156]. Moreover, CNTF adminis-
tration prevented/rescued behavioral and electrophysiological dysfunction, and enhanced
sensory nerve resprouting in rats previously injected STZ [168, 170].

In humans, there is no prevailing trend of change in the serum level of NGF in type 2 cohorts
with symptomatic DPN [171, 172]. Another study revealed significantly weaker immunoreac-
tivity of NGF in the lateral calf skin of a group of type 1 diabetics who presented with
asymptomatic, early length-dependent loss of nociception and axon reflex vasodilation [173].
However, analysis of the same site from a mixed population of type 1 and type 2 patients with
mild early neuropathy indicated that expression of NGF transcripts was higher compared to
healthy individuals [174]. Furthermore, epidermal NT-3 protein level markedly increased as
a function of the severity of diabetic polyneuropathy [175], whereas CNTF did not vary in
postmortem sciatic nerve autopsies between normal and DPN subjects [176]. Likewise, sural
nerve IGF-1 mRNA expression was not altered by different durations of DPN [177]. Differing
from the findings in animal nerves [161, 178], diabetic humans who developed neuropathy
express more trkA and trkC, specific receptors for NGF and NT-3, in the epidermis than those
without neuropathy [179]. Whether this reflects a tissue-specific response to diabetes awaits
further examination of human nerve biopsies. Clinical testing of recombinant human NGF
(rhNGF) perhaps witnessed one of the most spectacular failures in DPN trials. A phase II trial
on 250 patients for 6 months reported a robust amelioration on subjective and objective sensory
measurements, particularly the components related to small fiber sensory function [180]. When
proceeded to a large-scale, multicenter,1-year phase III trial, 1019 participants randomized to
receive either placebo or subcutaneous injection of hNGF could not confirm a neuroprotective
effect [181]. Most importantly, severe painful side effects including injection site hyperalgesia
and diffuse myalgia significantly limited the tolerable dose to less than 1ug/kg, a dosage 1000
times lower than most of those used in experimental models. This contradicts preclinical data
from rodents in which application of NGF reduced pain thresholds [156, 182]. On the opposite
side, the observation that NGF evokes pain or hypersensitivity in both animals and humans
led to the conception that anti-NGF therapy may reduce neuropathic pain [183-185]. This
appeared to be the case in a variety of chronic inflammatory and cancer pain models in which
hyperalgesia and/or allodynia were effectively attenuated by antibodies blocking NGF or TrkA
[186-188]. In this regard, some proof-of-concept, positive results have been generated in a
recent phase III trial on osteoarthritis for a monoclonal antibody against NGF (tanezumab)
[189]. However, Pfizer had to temporarily suspend the studies involving DPN after disease
worsening and joint replacements occurred in the treatment group.
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Other than NGF, a double-blind, placebo-controlled study was also conducted for thBDNF
but found no evidence of improvements on the primary endpoints associated with diabetic
sensory neuropathy [190]. Although rhGDNF and rhNT-3 were supposed to enter early clinical
assessments for DPN management, they have not yielded any clinical report except the
withdrawal of NT-3 from phase I study [156]. It is therefore apparent that the expected
outcomes were not met. For IGF-1 and CNTF, development of replacement therapy is also
hindered by their non-specific impacts on the central nervous system [191] and muscles [192],
respectively.

2.4. Modulating neurovascular function

2.4.1. Nerve blood flow and angiotensin-converting enzyme inhibitors

Multiple epidemiological analyses have previously identified that hypertension strongly
increases the occurrence and severity of DPN in population studies [1]. Spontaneously
hypertensive diabetic rats developed a more severe behavioral, physiological and structural
phenotype pertinent to clinical DPN [193]. Tissues of neuropathic diabetic patients manifest
augmented vasoconstrictive response and diminuted endoneurial blood flow [194]. In turn,
vascular deficiency and impaired peripheral nerve perfusion contribute to neural hypoxia and
ischemia, two of the well-recognized factors in the pathogenesis of microvascular complica-
tions in diabetes. This provides a rationale for enhancing vasodilation as a treatment regimen
in counteracting diabetes-induced neurovascular stress. This assumption is backed by the
observations in experimental diabetes that motor and sensory conduction deficits were
normalized by several vasodilating agents with distinct pharmacological actions [195-197]. The
most well-established class of compounds in this scenario is angiotensin-converting enzyme
(ACE) inhibitors. ACE inhibitors stimulate endothelium-dependent release of nitric oxide and
vessel relaxation by antagonizing ACE-mediated formation of the potent vasoconstrictor
angiotensin Il and deactivation of bradykinin, a strong vasodilator [198]. Combination of these
hypotensive effects by ACE inhibitors corrected reductions in nerve blood flow, capillary
densities and conduction measurements in STZ-induced diabetic or Zucker fatty rats [199-201].

Although ACE inhibitors are the first line treatment for nephropathy and cardiovascular
condition in diabetes [202], there is scarce evidence suggesting the same for diabetic neuro-
pathy. To date, only one small double-blinded, randomized, placebo-controlled DPN clinical
study has been conducted on one ACE inhibitor, trandalapril [203]. In this study, normotensive
DPN patients treated with trandalapril over 1 year demonstrated significant improvements in
electrophysiological function but not QST, neuropathy symptom/deficit score or autonomic
function. A major disappointment came from the Appropriate Blood Pressure Control in
Diabetes (ABCD) trial. This prospective study followed 470 type 2 diabetic patients for 5.3
years and found neither moderate nor intensive blood pressure control using nisoldipine
(Ca?* blocker) or enalapril (ACE inhibitor) was effective in modulating the progression of
diabetic triopathy (neuropathy, nephropathy, retinopathy) [204]. Furthermore, there were no
overall differential outcomes between interventions. This result along with the fact that clinical
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DPN develops and exacerbates in many patients that regularly take the ACE inhibitor casts
reasonable doubt on the extent to which ACE intervention is useful in DPN management [205].

2.4.2. Vascular supply and vascular endothelial growth factor therapy

Another approach to address vascular insufficiency is to promote the angiogenesis via
expression of vascular endothelial growth factor (VEGF), a cytokine primarily mitogenic for
vascular endothelial cells. Overexpression of VEGF through gene transfer stimulated vascu-
larization in both animals [206, 207] and humans [208, 209]. Diabetes was shown to compromise
the expression of this growth factor in the skin of patients who also had loss of intraepidermal
nerve fiber density (IENFD) [210]. In comparison, most evidence derived from diabetic rodents
contradicts with this finding and indicates an upregulation of VEGF in diabetic tissues [211]
thatcan be normalized by insulin or NGF infusion [212]. If these observations are true, this
could mean VEGEF is differentially involved in the pathogenetic processes underlying human
and rodent DPN. It is paradoxical, however, that preliminary studies using the same models
in which pathological VEGF induction by diabetes was seen also generated data favoring
VEGF-enhancing gene therapy in treating DPN. For example, subcutaneous inoculation of
herpes simplex virus carrying VEGF-transgene in STZ rats prevented multiple characteristics
of experimental DPN, particularly those associated with dorsal sensory function [213]. In a
separate report, intramuscular delivery of plasmid DNA encoding VEGF-1 or VEGEF-2
completely reversed attenuation of nerve blood flow, slowing of NCV, destruction of vasa
nervorum, and dysfunction of small and large fibers in STZ rats [214]. The same study was
also able to reproduce the results in rabbits with alloxan-induced diabetes. Two randomized
controlled trials (RCTs) have been undertaken to translate this experimental approach to
clinical usage. The first trial tested intramuscular VEGF-1 or VEGF-2 gene transfer in 50 DPN
patients with presenting symptoms of pain and/or numbness, and achieved an improvement
on symptom score, regions of sensory loss and visual analog pain scale over 6-month duration
[215]. Other primary and secondary endpoints including quantitative sensory and electro-
physiological testing were not met. In addition, there were significantly more severe adverse
events in gene therapy group compared to placebo group. Among the listed events, hemor-
rhage, diabetic retinopathy and peripheral edema had been previously brought up as concerns
but apparently were not properly addressed during preclinical animal evaluation [216]. The
second trial was reported in a published meeting presentation by Sangamo BioSciences, which
announced the phase I/II results for a series of injectable plasmids encoding VEGF gene-
targeting zinc-finger DNA-binding transcription factor with proven-efficacy in experimental
models [217]. Of these, SB-509 was praised to be well-tolerated with a most positive outcome
in sensory nerve conduction velocity (SNCV), IENFD and neuropathic impairment score.
However, the treatment arm as a whole did not obtain a convincing benefit versus placebo to
make this a successful trial. With an argument by Sangamo that a carefully chosen cohort may
be more sensitive to SB-509, a latest phase IIb study was set to recruit 170 patients with
moderate or severe DPN. Despite broad outcome measures and rigorous analysis, the trial was
concluded as being unequivocally disappointing which led to the eventual cessation of this
Sangamo’s lead program [218].
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2.4.3. Lipid metabolism and y-linolenic acid

v-Linolenic acid is an important precursor for arachidonic acid. The latter produces the potent
vasodilator and platelet inhibitor prostacyclin or prostaglandin I, (PGI,) [219], lack of which
can increase the risk of developing thrombosis in diabetic vessels [24] and microvascular
diseases. y-Linolenic acid is primarily synthesized from the dietary w-6 essential fatty acid
linolenic acid, but this reaction is impaired in STZ or alloxan-treated rats [220, 221]. In human
type 1 diabetic patients, disturbed fatty acid metabolism has also been inferred from the serum
lipid profile [222, 223]. Since vy-linolenic acid also forms the neuronal phospholipids [224,
225], direct supplementation of this polyunsaturated fatty acid can theoretically treat DPN by
enhancing both microcirculation and membranous structures in the nervous system, such as
the myelin. In keeping with this hypothesis, administration of y-linolenic acid prevents or
reverses the development of experimental DPN in rodents [226-229]. Clinical assessments of
the evening primrose oil, the herbal source of y-linolenic acid, took place in the United
Kingdom and suggested an efficacious treatment effect on human DPN [230, 231]. However,
some negative outcomes have been obtained for y-linolenic acid in other clinical conditions
by independent groups [232, 233] and the British General Medical Counsel filed a report that
the efficacy of evening primrose oil in diabetics claimed by one company-funded trial was
falsified [234]. Some issues related to marketing fraud and publication suppression by the drug
company attempting to develop evening primrose oil for clinical use have also been raised
[235, 236]. Due to these controversies, UK’s Medicines Control Agency withdrew the drug’s
product license. As of today, no further evidence has been acquired to confirm the validity of
v-linolenic acid as an anti-DPN medicine.

2.5. Counteracting oxidative stress

2.5.1. Reactive oxygen species and a-lipoic acid

After years of investigations through experimental approaches which harvested knowledge
on a plethora of biochemical pathways linking hyperglycemic stress to nerve injury, a general
consensus has been reached by the DPN research community that all these complex molecular
and cellular events converge on and interact with one universal consequence, oxidative stress
[45,237]. Direct and indirect evidence of oxidative stress in tissue sites of diabetic complications
is overwhelming in animals with induced diabetes. In general, hyperglycemia induces a
composite oxidative insult to neurons, SCs as well as vasa nervorum through: 1) accelerated
free radicals production; 2) increased oxidation and nitration of proteins, lipids and nucleic
acids; and 3) deprivation of antioxidant defense system [238]. Many excellent reviews have
illustrated and discussed the pathophysiological consequences of redox imbalance in the
peripheral nervous system (PNS) [45, 239] therefore an elaborated description will not be
provided here. Briefly, increased intracellular glucose metabolism through the classical
glycolytic tricarboxylic acid cycle leads to mitochondrial nutrient overload and subsequently
uncontrolled superoxide (O,") production by its oxidative respiratory machinery. Excessive
generation of superoxide in conjunction with polyol synthesis exhausts the detoxificating
agents including superoxide dismutase and GSH. This eventually gives rise to accumulation
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of other reactive oxygen (ROS) and nitrogen species (RNS) such as hydrogen peroxide (H,0,),
hydroxyl radicals (OHe) and peroxynitrite (NO®). Other hyperglycemia-initiated events such
as AGE formation and NGF deficiency have also been suggested to fuel the ROS generation
in various compartments. These highly reactive free radicals can non-specifically oxidize and
nitrosylate cellular/extracellular biomolecules and undermine organellar function. Particular-
ly, increased protein nitration, lipid peroxidation products and mitochondria dysfunction are
predominant phenomena in DRGs and sciatic nerves in diabetic animals [240-242]. Compared
to the clear evidence of oxidative damage in experimental DPN, expression of the correspond-
ent biomarkers indicating oxidative stress in human tissues is rather vague [239, 243]. Some
studies even suggested a reduced free radical reaction in diabetic patients versus normal
control [244, 245]. Further, despite a strong rationale and the promise of substantial neuro-
protection by anti-oxidant treatments in rodent diabetics [246-249], this anti-oxidative ap-
proach is not spared from the irreproducibility of the results obtained from basic research in
clinical practice.

Among a number of anti-oxidants that corrected experimental DPN, a-lipoic acid (ALA) has
gone the furthest into clinical use, while the others have proven largely ineffective [14, 250].
ALA or thioctic acid is naturally synthesized in mitochondria and has a powerful antioxidant
capacity because of its dual ability to scavenge ROS/transition metals and regenerate other
endogenous antioxidants. Approximately 7 double-masked multicenter RCTs, including the
series of ALADIN, SYDNEY and NATHAN, testing the efficacy of ALA in treating sympto-
matic DPN have been completed in Europe [251]. Of these, a general benefit on sensory
symptoms and deficits was extrapolated by a meta-analysis incorporating 4 trials (ALADIN
I, ALADIN III, SYDNEY, NATHAN II) that treated subjects with 600 mg/day ALA via
intravenous infusion for 3 weeks [252]. However, there is an overall mixed bag of results and
several therapeutically important indices including symptoms score, nerve conduction and
QST were not consistently ameliorated in these studies [205, 252, 253]. Notably, some asserted
improvement fell below the clinically meaningful threshold of 30% when adjusted to placebo
control [254]. It is also discouraging that trials in which patients received oral dosing of ALA
presented only marginal benefit; this significantly precludes the oral application of ALA.
Although ALA has been marketed in Germany for treating DPN and is available as nutritional
supplement in the US, current existing evidence suggests that ALA at best only retards the
neuropathic progression in diabetes.

3. Scientific rationale for the limited translational success: What have we
learned?

Based on the records published by National Institute of Neurological Disorders and Stroke
(NINDS), a main source of DPN research, about 16,488 projects were funded at the expense of
over $8 billion for the fiscal years of 2008 through 2012. Of these projects, an estimated 72,200
animals were used annually to understand basic physiology and disease pathology as well as
to evaluate potential drugs [255]. As discussed above, however, the usefulness of these
pharmaceutical agents developed through such a pipeline in preventing or reducing neuronal
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damage has been equivocal and usually halted at human trials due to toxicity, lack of efficacy
or both (Figure 1). Clearly, the pharmacological translation from our decades of experimental
modeling to clinical practice with regard to DPN has thus far not even close to satisfactory.
Undoubtedly, the flawed design of some clinical trials has led to the inadequate evaluation of
certain candidate compounds and for a thorough discussion on this specific topic the readers
are referred elsewhere [256]. In this section, we focus on discussing some of the fundamental
species differences that render a direct translation unrealistic.

3.1. Failure to predict toxic effects

Whereas a majority of the drugs investigated during preclinical testing executed experimen-
tally desired endpoints without revealing significant toxicity, more than half that entered
clinical evaluation for treating DPN were withdrawn as a consequence of moderate to severe
adverse events even at a much lower dose. Generally, using other species as surrogates for
human population inherently encumbers the accurate prediction of toxic reactions for several
reasons.

First of all, it is easy to dismiss drug-induced non-specific effects in animals—especially for
laboratory rodents who do not share the same size, anatomy and physical activity with
humans. Events such as cardiac attack are often overlooked without a complex and careful
examination. A case in point is the anti-diabetic drug Avandia for which the market approval
has been a center of dispute. Avandia’s active ingredient rosiglitazone promotes insulin
sensitivity by activating peroxisome proliferator-activated receptors (PPARs) and was claimed
by its maker GlaxoSmithKline to be safe in the preclinical report. Some even went further to
advocate the favorable application of rosiglitazone to heart conditions based on its positive
influence on cardiovascular biomarkers in rodent studies [257, 258]. Only after accumulating
incidents of congestive heart failure among patients receiving Avandia was presented to the
FDA, did it begin to spur wide concerns and active investigations of the serious cardiotoxicity
by Avandia in humans and animals [259].

Second, some physiological and behavioral phenotypes observable in humans are impossible
for animals to express. In this aspect, photosensitive skin rash and pain serve as two good
examples of non-translatable side effects. Rodent skin differs from that of humans in that it
has a thinner and hairier epidermis and distinct DNA repair abilities [260]. Therefore, most
rodent stains used in diabetes modeling provide poor estimates for the probability of cutane-
ous hypersensitivity reactions to pharmacological treatments [261]. Although skin engraft-
ment onto nude mice has been attempted to circumvent this issue [260], mice with
immunodeficiency do not constitute an appropriate background for studying diabetes.
Another predicament is to assess pain in rodents. The reason for this is simple: these animals
cannot tell us when, where or even whether they are experiencing pain, leaving us to read.
Since there is not any specific type of behavior to which painful reaction can be unequivocally
associated, this often leads to underestimation of painful side effects during preclinical drug
screening (e.g. thNGF).

The third problem is that animals and humans have different pharmacokinetic and toxicologi-
cal responses. For instance, troglitazone (Rezulin), another anti-hyperglycemic PPAR agonist,
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was withdrawn after inducing idiosyncratic liver failure in patients but a similar hepatotoxici-
ty could not be reproduced in animal models [262, 263]. Even in organ systems that were
previously defined as having an overall high rate of interspecies toxicity concordance, unanti-
cipated drug toxicity can still occur. This was the case for trastuzumab (Herceptin), a human-
izedmonoclonalantibody thattreatsadvancedbreastcarcinomabybindingand blockinghuman
epidermal growth factor receptor 2 (HER2). Both preclinical and on-going toxicological studies
in rhesus monkeys and rodents indicated no evidence of cardiac dysfunction [264]. However,
trastuzumab administration to patients during clinical trials caused frequent and severe
cardiomyopathy [265]. As discussed in a published scientific document of Herceptin toxicity by
the European Medicines Agency, it is also unsuitable to assess the cytotoxicity of this antibody
that specifically recognizes a single human protein in nonhuman species which have a distinct
molecular and immunogenic environment [264]. In addition to the inaccuracies, disparities in
pharmacokinetics underpin some of the extreme species differences. MPTP (1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine)-induced neurotoxicity is a classic example. MPTP be-
comespoisonoustodopaminergicneuronsoncemetabolized to MPP*by theenzymemonoamine
oxidase-B (MAO-B) and elicits permanent Parkinson-like symptoms in human subjects [266]. In
sharp contrast, MPTP is barely psychoactive in rats since they produce minimal MPP*and only
mild damage to mouse brains due to much faster clearance of MPP* compared to primates [267].
By the same token, 350 mg of aspirin can be eliminated by half from human circulation in about
3 hours but retained in feline plasma for 37.5 hours, which is essentially lethal to these animals
[268]. The argument can be finally strengthened by the work of two independent groups, who
compared bioavailability between primates, rodents and dogs for various drugs and both
demonstrated that no correlation exists between animal and human data [269]. The matter of
drug-induced non-specific effects and uniquely human phenotypes may theoretically be
resolved via rigorous pathological evaluation and better experimental method. By compari-
son, the pharmacokinetic and toxicological data highlights profound interspecies barriers and
may not succumb to current technical manipulation. Considering some of the drugs were
withdrawn when unexpected toxicological outcomes occur in only 1-2% of the population,
relying on laboratory models to predict drug safety certainly puts us in a dilemma with very
little medical and ethical risks from which our society can suffer (Figure 1).

3.2. Failure to recapitulate human neuropathologies

Genetic or chemical-induced diabetic rats or mice have been a major tool for preclinical
pharmacological evaluation of potential DPN treatments. Yet, they do not faithfully repro-
duce many neuropathological manifestations in human diabetics. The difficulty of such begins
with the fact that it is not possible to obtain in rodents a qualitative and quantitative expres-
sion of the clinical symptoms that are frequently presented in neuropathic diabetic patients,
including spontaneous pain of different characteristics (e.g. prickling, tingling, burning,
squeezing), paresthesia and numbness. As symptomatic changes constitute an important
parameter of therapeutic outcome, this may well underlie the failure of some aforementioned
drugs in clinical trials despite their good performance in experimental tests measuring
behavioral responses of animals to external stimuli (Table 1). Development of nerve dysfunc-
tion in diabetic rodents also does not follow the common natural history of human DPN. As
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described earlier, sensory neuropathy in humans typically adopts a length-dependent,
“stocking-glove” loss of sensation that slowly progresses from distal to proximal. Such a pattern
was never functionally recapitulated in the commonly used type 1 and type 2 diabetic animal
models, including STZ-injected rats, Zucker diabetic fatty (ZDF) rats and db/db mice. Besides
the lack of anatomical resemblance, the changes in disease severity are often missing in these
models. For example, although the majority of diabetic rodent models developed thermal
hypoalgesia with long durations of diabetes as revealed by the sensory assay correspondent to
that of QSTs in humans, there is no agreement between different studies in a consistent trend
of progressive decline in thermal pain perception [270-272], a well-known phenomenon in
patients. Alterations in thermal sensation in the tails of diabetic rodents varied upon studies
and species used [273-275] and several groups have documented increased temperature
perception after prolonged diabetes [276, 277], thus falsifying the relevance of tail flick test to
human conditions. More importantly, foot ulcers that occur as a late complication to 15% of all
individuals with diabetes [14] do not spontaneously develop in hyperglycemic rodents.
Superimposed injury by experimental procedure in the foot pads of diabetic rats or mice may
lend certain insight in the impaired wound healing in diabetes [278] but is not reflective of the
chronic, accumulating pathological changes in diabetic feet of human counterparts. Another
salient feature of human DPN thathasnotbeen described in animalsis the predominant sensory
and autonomic nerve damage versus minimal involvement of motor fibers [279]. This should
elicit particular caution as the selective susceptibility is critical to our true understanding of the
etiopathogenesis underlying distal sensorimotor polyneuropathy in diabetes. In addition to the
lack of specificity, most animal models studied only cover a narrow spectrum of clinical DPN
and have not successfully duplicated syndromes including proximal motor neuropathy and
focal lesions [279].

Morphologically, fiber atrophy and axonal loss exist in STZ-rats and other diabetic rodents but
are much milder compared to the marked degeneration and loss of myelinated and unmyeli-
nated nerves readily observed in human specimens [280]. Of significant note, rodents are
notoriously resistant to developing some of the histological hallmarks seen in diabetic patients,
such as segmental and paranodal demyelination [44]. There are sporadic reports of demyeli-
nation in STZ and genetically diabetic Bio-Breeding (BB) rats after 8-12 months of diabetes [58,
281-283]. However, this is apparently related to a different microvascular pathology as
morphometric analysis of sural and tibial vasa nervorum in these rats revealed dilated lumina,
flattening of endothelial cells and microvessel walls [284], contrasting with the basement
membrane thickening, endothelial hyperplagia and narrowing of endoneurial lumen in
human diabetics [285, 286]. Similarly, the simultaneous presence of degenerating and regen-
erating fibers that is characteristic of early DPN has not been clearly demonstrated in these
animals [44]. Since such dynamic nerve degeneration/regeneration signifies an active state of
nerve repair and is most likely to be amenable to therapeutic intervention, absence of this
property makes rodent models a poor tool in both deciphering disease pathogenesis and
designing treatment approaches. Given that our ability to devise a cure for human DPN
depends ultimately on our successful understanding and reduction of its various functional
and structural indexes, failure of most animal models to replicate these human neuropathol-
ogies with high fidelity renders this task difficult at best.
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Table 1. Comparison of DPN Characteristics between Humans and Frequently Used Laboratory Rodent Models



From Animal Models to Clinical Practicality: Lessons Learned from Current Translational Progress of...
http://dx.doi.org/10.5772/55364

3.3. Overrepresentation of pathogenetic pathways

STZ is a glucose analog of selective toxicity to pancreatic (3-cells and induces insulin-deficiency
and hyperglycemia mimicking that in human type 1 diabetes mellitus. Injection of this
chemical provides a convenient and affordable tool in inducing robust hyperglycemia in
animals with good control over disease onset and duration. Therefore, STZ-rats have been
favored by researchers during preclinical drug assessments for diabetic complications [280].
However, STZ typically produces a rather immediate, severe hypoinsulinemia and elevation
of blood glucose, whereas the development of hyperglycemia in most human conditions is
slow and modest [287]. The contrariety manifests stably in the serum HbA1c levels. While the
non-diabetic range (~4-5.6%) is similar, a single administration of STZ to Wistar rats can
increase the HbAlc to above 12% in 4-5 weeks [288, 289], which indicates a very poor glucose
control that is considered rare in the clinic setting with anti-diabetic care. In fact, less than 15%
of patients may have an HbAlc level exceeding 9% by sample estimation [290]. Such extreme
hyperglycemia in STZ-treated rats could give rise to exaggerated glucose accumulation and
metabolic derangements that would not be commonly present in human diabetics. Indeed, the
concentrations of sorbitol and fructose per unit weight of nerve tissue in STZ diabetic rats is
consistently increased and dramatically higher in comparison with human diabetics, who on
average also do not uniformly show upregulation of these glucose metabolites via polyol
pathway [44, 55, 79]. Of interesting note, under normal physiological conditions the contents
of nerve sorbitol in rodents are almost 10-fold higher than those in humans, suggesting some
species difference in the relative involvement of AR in glucose metabolism during both normo-
and hyperglycemia. Observations of polyol pathway utilization in different species and cell
types vary widely; the total glucose utilization through polyol pathway is one third in rabbit
ocular lenses and only one tenth in human erythrocytes in response to high glucose stress [45,
291]. Consistent with an inverse association between increased polyol flux and electrophysio-
logical dysfunction, diabetic rodents frequently exhibit 10 m/s or more reduction in NCV
within the typical 6-20 week experimental duration [271, 292-294]. By contrast, the deteriora-
tion of NCV in human patients gradually takes place and has an average loss of 0.5 m/s per
year [1] (Table 1). It is also suspicious that the profound and precipitated NCV deceleration in
STZ-rodents occur without apparent histopathological changes, which can be a prominent
feature in diabetic neuropathic patients at early stage. Therefore, enhanced AR activity might
contribute differently or less significantly to the pathogenesis of DPN in humans than rodents.
This could explain why AR inhibitors, and by extension, many other pathogenetically targeted
inhibitors afford potent neuroprotection in experimental studies but only marginal effects in
clinical trials.

Another criticism is that most STZ models were rendered diabetic at puberty since adminis-
tering STZ to rodents after sexual maturation cannot always produce peripheral nerve
abnormalities [280, 295]. Unlike matured nerves that displayed little change in response to
diabetic insults, immature peripheral nerves readily manifest hyperglycemia-induced
morphological and electrophysiological deficits within an even shorter duration [295].
However, such a phenotype bears little relevance to 90% of clinical conditions, in which
diabetes-induced nerve damage has an adult onset and slow time course.
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3.4. Other physical and environmental factors

Humans certainly share considerable biological similarities with other mammals. In the
nervous system, these include some of the nociceptive responses and higher cognitive
activities. At the same time, no one would suggest that humans and animals are the same—
they obviously differ in many physiological and behavioral aspects. The question is: can we
obtain effective therapeutic applicability after evolution has well separated our species from
others? In order to answer this, it is necessary to carefully examine these differences and their
impacts on the pharmacokinetic and pharmacological extrapolation. As delineating every
single molecular, cellular and phenotypic difference is a laborious task, we will highlight only
those relevant to our discussion of DPN. When comparing humans with the conventionally
used experimental animals, namely rats and mice, the most conspicuous difference is ana-
tomical. With particular respect to neuroanatomy, a peripheral axon in humans can reach as
long as one meter [296] whereas the maximal length of the axons innervating the hind limb is
five centimeters in mice and twelve centimeters in rats. This short length makes it impossible
to study in rodents the prominent length dependency and dying-back feature of peripheral
nerve dysfunction that characterizes human DPN. Even if size were an issue and macro-
structure appears similar, there might still be striking differences in the micro-structure within
the tissue or organ. This is the case for insulin-secreting islets. For decades the cytoarchitecture
of human islets was assumed to be just like those in rodents with a clear anatomical subdivision
of 3-cells and other cell types. By using confocal microscopy and multi-fluorescent labeling, it
was finally uncovered that human islets have not only a substantially lower percentage of 3
cell population, but also a mixed—rather than compartmentalized —organization of the
different cell types [297]. This cellular arrangement was demonstrated to directly alter the
functional performance of human islets as opposed to rodent islets. Although it is not known
whether such profound disparities in cell composition and association also exist in the PNS,
itmight as well be anticipated considering the many sophisticated sensory and motor activities
that are unique to humans.

Considerable species difference also manifest at a molecular level. The chemical structure and
signaling profile of a molecule may not always be conserved throughout the evolution. Such
difference, although small, can account for a significant translational limitation for pharma-
cological treatments targeted at a specific biomolecule. A good explanation is the case of
trastuzumab. As mentioned earlier, trastuzumab was specifically designed to immuno-
antagonize HER?2, thereby inhibiting cancer cell growth. However, this drug could not be
adequately assessed in rodents or primates because of the inability of this human protein-
targeting antibody to recognize the HER2 homologues expressed in these nonhuman species
[264]. Despite the successful employment of nude mice for the preclinical evaluation of
trastuzumab, a comprehensive pharmacological and pharmacokinetic profile was not ob-
tained for this humanized antibody and it resulted in unpredicted toxicity in patients. While
the molecular difference might not be as serious of a problem for rhNGF and rhVEGEF, critical
retrospective examination into this aspect may lend some insight into the failure of these gene
therapies in DPN trials. At least 80% of human genes have a counterpart in the mouse and rat
genome. However, temporal and spatial expression of these genes can vary remarkably
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between humans and rodents, in terms of both extent and isoform specificity. The first is
evident from the differential level of MAO-B expression in humans and rats which resulted in
distinct susceptibility of these two species to MPTP-induced neurotoxicity [266]. The second
category involves protein families comprising multiple isoforms owing to different promoter
usage and alternative gene splicing. For instance, the enzyme PKC has at least 12 different
subtypes, of which, PKC-a is predominantly expressed in human hearts and PKC-¢ in rodents
[298]. Since activation of PKC-a and PKC-¢ are differentially regulated, species-specific PKC
inhibitors will need to be developed in order to efficiently block the pathogenic action of this
kinase in cardiomyopathy, especially when a non-selective inhibition of PKC function is
unwanted or even detrimental. Given that the efficacy of ruboxistaurin in treating DPN was
also based on data from rat diabetic models [150, 151], it is imperative to speculate that the
unsatisfactory results of ruboxistaurin in patients is due at least in part to a relatively less
important role of PKC-f in the pathological development of diabetic human nerves. The last
type of molecular difference is that the components along a particular signaling axis may be
preferentially vulnerable to pathological alteration in different species. This possibility has
been largely ignored but could underpin a major limitation in current translational research.
One typical example is that much has been learned regarding the anti-hyperphagic effects of
leptin from ob/ob mice, which also led to the exciting finding that administration of this
hormone can successfully suppress weight gain [299]. Nonetheless, this offered little treatment
benefit for the majority of obese people (99.95%) who have impaired signaling downstream of
leptin instead of leptin deficiency as observed in ob/ob mice [300]. Some may argue that these
issues can be overcome by creating genetically engineered or “humanized” mice in which a
mouse gene is substituted by the human version. However, transgenic or knockout mice can
be afflicted with developmental deficits and alterations which are inappropriate for modeling
achronic disease that appears in the later life time, such as type 2 diabetes and its complications.
Moreover, we do not know whether a genetically introduced human protein—if it is different
enough from the murine orthologue that a transgene is necessary —faithfully maintains the
same expression and interaction properties in mouse system as it would in humans.

Ultimately, a fundamental problem associated with resorting to rodents in DPN research is to
study a human disorder that takes decades to develop and progress in organisms with a
maximum lifespan of 2-3 years. The longest duration of experimental diabetes in a rodent
model was documented by Ras et al., who observed leptin-deficient db/db mice for 17 months
and reported only mild pathological changes in the peripheral nerve fibers [301]. It is thus fair
to say that a full clinical spectrum of the maturity-onset DPN likely requires a length of time
exceeding the longevity of rodents to present and diabetic rodent models at best only help
illustrate the very early aspects of the entire disease syndrome. Since none of the early
pathogenetic pathways revealed in diabetic rodents will contribute to DPN in a quantitatively
and temporally uniform fashion throughout the prolonged natural history of this disease, it is
not surprising that a handful of inhibitors developed against these processes have not benefited
patients with relatively long-standing neuropathy. As a matter of fact, any agents targeting
single biochemical insults would be too little too late to treat a chronic neurological disorder
with established nerve damage and pathogenetic heterogeneity (Figure 2). In DPN, such
heterogeneity is the consequence of a complex interplay between genetic predisposition,
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physical characteristics, nutritional and other environmental factors. On the contrary, experi-
mental rodents are maintained at a homogeneous genetic background. Genetic homogeneity
becomes particularly apparent with the inbred strains and genetically engineered mice,
making them more of a tool to elucidate the contribution of a specific component to disease
development and less of a tool for an accurate prediction of the likelihood that a treatment will
be effective for a general population. Apart from these internal factors, laboratory caged
animals have an uniform dietary constitution, life cycle and environmental contact, therefore
would not be exposed to the majority of the external risk factors otherwise incurred by
individual patients, such as smoking and alcohol consumption [10]. Finally, humans have
some unique behaviors that assume an integral part of DPN-associated complications but
cannot be adopted by animals. This is perhaps the simplest reason why diabetic rodents are
immune to gangrenous foot ulceration as upright walking has not evolved in these species.
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4. Conclusion and outlook

Needless to say, DPN has been a significant source of diabetes-induced mortality and mor-
bidity that strike individuals, families and society with a staggering health and economic cost.
There is little doubt that the need for effective DPN management is currently unmet and better
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therapeutic regimens ought to be sought. The invasive nature of present methods of biochem-
ical, structural and functional measurements dictates that systemic and longitudinal assess-
ments are not feasible in humans. To address this, miscellaneous rodent models have been
created and used as substitutes for diabetic patients for the purpose of uncovering the
pathogenetic mechanisms and testing potential pharmacological treatments. However, these
conventional approaches have so far failed to yield a successful therapeutic translation.
Further, animal surrogates are afflicted with species differences in genotype and behavior,
nerve structure and metabolism, duration of diabetes, and tissue vulnerability, which allow
limited transferability of animal results into clinical settings. It is important to point out that
the present review does not argue against the ability of animal models to shed light on basic
molecular, cellular and physiological processes that are shared among species. Undoubtedly,
animal models of diabetes have provided abundant insights into the disease biology of DPN.
Nevertheless, the lack of any meaningful advance in identifying a promising pharmacological
target necessitates a reexamination of the validity of current DPN models as well as to offer a
plausible alternative methodology to scientific approaches and disease intervention. After a
critical reevaluation of the experimental results and clinical outcomes for several previously
high-profile anti-DPN drugs, we conclude that the fundamental species differences have led
to misinterpretation of rodent data and overall failure of pharmacological investment. As more
is being learned, it is becoming prevailing that DPN is a chronic, heterogeneous disease
unlikely to benefit from targeting specific and early pathogenetic components revealed by
animal studies. Rather, an efficacious therapy must impact on multiple etiologic events and
manage various risk factors. In this regard, rigorous lifestyle modulation may simultaneously
intervene with a multitude of internal and external diabetogenic processes without generating
significant tissue toxicity and side effects. Particularly, diet and exercise intervention provides
an approach to improve metabolic management and enhance long-term reparative and
regenerative capacity of diabetic nerves. Moreover, investigating the disease process via
human-based study to the extent possible promises to lend much better insight into the
pathology and pathogenesis of DPN as well as the clinical utility of potential treatments. We
propose that future research should put an emphasis on advancing methodological and
technological approaches that maximizes the access and utilization of human specimens under
ethical guidelines, and on refining lifestyles for preventing and modifying DPN, which are
more cost-effective and directly applicable to clinical practice in this otherwise largely
intractable disorder.
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1. Introduction

Injuries affecting either the peripheral or the central nervous system (PNS, CNS) leads to
neuropathic pain characterized by spontaneous pain and distortion or exaggeration of pain
sensation. Peripheral nerve pathologies are considered generally easier to treat compared to
those affecting the CNS, however peripheral neuropathies still remain a challenge to thera-
peutic treatment.

Animal models such as denervation/neuroma formation [1], chronic constriction injury (CCI)
by loose ligatures around the sciatic nerve [2], partial tight ligation of the sciatic nerve trunk
(partial sciatic nerve ligation, PNL) [3]; tight ligature of L5 and L6 spinal nerves (spinal nerve
ligation, SNL) [4]; section of one or two components of the sciatic nerve (spared nerve injury,
SNI) [5]; streptozocin induced diabetic neuropathy [6] and peripheral neuropathy induced by
vincristine or by anti-retroviral nucleoside analogue AIDS therapy drugs [7, 8] have been
designed to mimic different neuropathic syndromes and reproduce in laboratory neuropathic
pain main symptoms. Indeed all the mentioned neuropathic pain models show increased
responses to thermal or mechanical nociceptive stimulation (hyperalgesia), hypersensitivity
to innocuous tactile or cold stimuli (allodynia) which lead to withdrawal behaviour.

2. Peripheral pathophysiology change mechanisms

Alarge body of studies has been accumulated during the last two decades to characterize and
clarify mechanisms at the base of neuropathic pain development and maintenance. Peripheral
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nerve injury causes axon and myelin sheath degradation associated with macrophage,
neutrophil and T cell infiltrations [9, 10].

The release of proinflammatory cytokines (interleukins, tumor necrosis factor-ct) and media-
tors (bradykinins and prostaglandins) and growth factors (nerve growth factor) leads to
peripheral sensitization and hypersensitivity to innocuous and noxious stimuli [11, 12].
Bradykinins and prostaglandins potentiates, among other things, the activity of transient
receptor potential vanilloid type 1 (TRPV1) channel, highly expressed on Ad and C fibers,
whose activity and expression is potentiated in neuropathic pain models [13-16]. Neuropathic
pain causes also over-expression of voltage gated sodium channels and increases sodium
currents leading to spontaneous discharges of Ad and C fibers [17-19]. Peripheral sensitization
is also associated with increased voltage gated Ca?" channels [20, 21]. Increased intracellular
Ca* elevates substance P (SP) and glutamate release thus exacerbating pain transmission.

3. Spinal pathophysiology change mechanisms

Beside the peripheral mechanisms which are responsible of the immediate damage-induced
changes in pain transmission, several spinal cellular and molecular changes are involved in
the development of the neuropathic pain symptoms, such as thermal and mechanical hyper-
algesia and tactile allodynia. Although first being thought as a disease of purely neuronal
nature, several pre-clinical studies indicate that the mechanisms at the basis of the develop-
ment and maintenance of neuropathic pain involve substantial contributions from the non-
neuronal cells of both the PNS and CNS [22]. After peripheral nerve injury, microglia in the
normal conditions (usually defined ““resting’” microglia) in the spinal dorsal horn proliferate
and change their phenotype to an “activated” state through a series of cellular and molecular
changes.

Microglia shift their phenotype to the hypertrophic “activated” form following altered
expression of several molecules including cell surface receptors, intracellular signalling
molecules and diffusible factors. The activation process consists of distinct cellular functions
aimed at repairing damaged neural cells and eliminating debris from the damaged area [23].
Damaged cells release chemo-attractant molecules that both increase the motility (i.e. chemo-
kinesis) and stimulate the migration (i.e. chemotaxis) of microglia, the combination of which
recruits the microglia much closer to the damaged cells [24]. It has been shown that microglia
activation in the spinal cord can be promoted by sciatic nerve ligation [25], spinal nerve ligation
[26], sciatic nerve inflammation [27], traumatic nerve transection [28] and autoimmune
diseases such as autoimmune encephalomyelitis and neuritis (EAE, EAN) [29, 30].

Once microglia become activated, they can exert both proinflammatory or anti-inflammatory/
neuroprotective functions depending on the combination of the stimulation of several
receptors and the expression of specific genes [31]. Thus, the activation of microglia following
a peripheral injury can be considered as an adaptation to tissue stress and malfunction [32]
that contribute to the development and subsequent maintenance of chronic pain [33, 34].
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Spinal microglia respond quickly to injury, up-regulating cell surface proteins and increasing
synthesis and the release of inflammatory mediators, including cytokines and proteases that
can sensitize neurons, thereby establishing positive feedback which helps to facilitate noci-
ceptive signalling [35]. Accordingly, the inhibition of microglia targets can reduce hypersen-
sitivity in neuropathic pain states.

The signals responsible for neuron-microglia and/or astrocyte communication are being
extensively investigated since they may represent new targets for chronic pain management.

The first candidates are substances released by activated nociceptive primary afferent fibers,
such as glutamate and SP, which are capable to activate microglia [36, 37]. Glutamate activates
microglia by stimulating NMDA receptors [37], although other mechanisms involving
metabotropic glutamate receptors (mGluRs) cannot be ruled out since it has been shown that
mGluRs are expressed on microglial cells [38, 39]. SP acts mostly by activating microglia
neurokinin-1 (NK1) receptors. Many mechanisms have been proposed for neuron-microglia
crosstalk. Among these, the fractalkine (FKN, CX3CL1), amember of CX3C class of chemokines
and its receptor CX3CR1 have been extensively investigated [39]. FKN is constitutively
expressed by spinal cord and sensory neurons in the dorsal root ganglia (DRGs) [40-42], while
CX3CR1 is exclusively expressed by microglia cells and, after peripheral nerve injury it is
largely up-regulated in activated microglia [41]. FKN produces nociceptive behaviour by
activating CX3CR1 on microglia and p38 mitogen-activated protein kinase (MAPK)-mediated
pathways [42, 43]. A pathway for the cleavage of FKN from the membrane of neurons, has
been elegantly demonstrated [42]. Briefly, neuronal FKN is cleaved by Cathepsin S (CatS), a
proteolitic enzyme which is synthesized and released by activated microglia. Despite the
CX3CL1/CX3CR1 pathway represents a pro-nociceptive non adaptive process, seems to
perform also a neuro-protective action in neurodegenerative diseases [44].

Another chemokine implicated in neuron-glia communication is the chemokine (C-C motif)
ligand 2 (CCL2, MCP-1), which is de novo expressed by sensory neurons as early as a day after
peripheral injury [44]. Once released, CCL2 activates microglia via interaction with CCR2
receptors, and, accordingly, mice lacking CCR2 receptors display a reduction in nerve injury-
induced tactile allodynia [45]. The action of the monocyte chemoattractant protein 1 (MCP-1)
at the spinal level has also been demonstrated by the intrathecal administration of an MCP-1
neutralizing antibody, which proved able to inhibit neuropathic pain symptoms [44]. Another
important candidate for neuronal-microglial cross-talk is ATP, that is produced by neurons as
well as by glial cells. ATP exerts its effect on microglia by activating the purinergic ionotropic
P2X4 and P2X7, as well as the metabotropic P2Y6 and P2Y12, receptors which are up and/or
down-regulated in several conditions [46]. The stimulation of the P2X4 channel seems to be
involved in the development of neuropathic pain by inducing the release of brain derived
neurotrophic factor (BDNF) [47, 48]. In particular, this mechanism is believed to be responsible
of the appearance of the tactile allodynia by inverting the ionic gradient of the GABAergic
interneurons following the down-regulation of the KKC2 calcium transporter [47]. P2X4
receptor activation occurs earlier than that of P2X7 channel due to the greater affinity of ATP
to bind to P2X4 receptor. Indeed, P2X7 is involved in the maintenance of microglial activation.
The P2X7 receptor appears to be a functionally unique ionotropic receptor among the P2X
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receptor family since its activation is able to stimulate the release of the pro-inflammatory
cytokine interleukin-1p (IL-1p3) [49], as well as a variety of other pro-inflammatory cytokines.
Recent studies have revealed that P2Y12R is also crucial in neuropathic pain induction and
maintenance. It has been found that the expression of P2Y12R mRNA and protein are markedly
enhanced in the spinal cord ipsilaterally to spinal nerve injury [50] or to sciatic nerve partial
ligation [51]. The cellular location of this receptor in the spinal cord was highly restricted to
microglia and recently has been proposed to be involved in the motility of microglial cell bodies
and processes [52]. It is therefore possible that P2Y12R activity in microglia affects their ability
to extend the branched processes toward neighbouring neurons of the pain matrix, which, in
turn, may interfere with microglia-neuron communications. Recent data suggest that the
metabotropic adenosine receptor A2A is also involved in the microglia process retraction
occurring during microglia activation [53]. The up-regulation of Gs protein-coupled adenosine
A2A receptor on activated microglia seems to occur concomitantly to down regulation of Gi-
protein coupled P2Y12 receptor [53].

4. Supraspinal pathophysiology change mechanisms

Descending pain modulatory system undergoes morpho-functional changes following PNS
or CNS injury contributing to neuropathic pain development and maintenance [54-56]. The
pain modulatory centers include brainstem areas such as periacqueductal gray (PAG), locus
ccereuleus (LC) and rostral ventromedial-medulla (RVM). PAG is recognised as a major source
of pain inhibitory control: its activation produces hypoalgesia by inhibiting nociceptive
sensory processing within the dorsal horn of the spinal cord [57, 58]. PAG-induced analgesia
is produced through the activation of RVM consisting of the raphe magnus and its adjacent
reticular nuclei. Different pain responding cell populations are found in RVM: ON, OFF and
neutral cells. These cells show different reactions to nociceptive stimuli such as excitation,
inhibition or irresponsiveness, respectively [59, 60]. Apart from their well-documented role in
anti-nociception, PAG and RVM mediate also a descending facilitation [61, 62]. Indeed, a shift
in the balance between RVM “pronociceptive” ON cells versus “antinociceptive” OFF cell
activity has been found in neuropathic pain conditions. The ongoing firing of RVM ON cells
was found significantly increased whereas the spontaneous activity of the OFF cells appeared
decreased 7 days after neuropathic pain induction [60, 63]. A functional shift between ON and
OFF cell activity such that ON cell activity predominates over that of the OFF may be respon-
sible of the facilitatory influence of the RVM on spinal neurons leading to neuropathic
hypersensitivity [64-66, 16, 67]. Moreover, a contribute of serotonergic neurons, considered a
subset of neutral cells, in nociceptive modulation has been evidenced in abnormal pain states
[68]. Thus, changes in RVM cell activity may be considered a sort of sensitization of RVM
neurons during neuropathic pain [69, 70] as consequence of altered peripheral inputs associ-
ated with spinal processing [71]. Alternatively, RVM cell activity changes may reflect a
different control exerted from the upstream PAG projections. Indeed, a complex morpho-
functional reorganization has been observed within the PAG after neuropathic pain induction.
A decrease in the potency of (R)-(+)-[2,3-dihydro-5-methyl-3-(4-morpholinylmethyl)pyrro-
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lo[1,2,3-de]-1,4-benzoxazin-6-yl]-1-naphthalenylmethanonemesylate (WIN 55,212-2), a
cannabinoid receptor agonist, locally microinjected into the ventrolateral (VL) PAG, has been
recently evidenced in neuropathic rats. Seven days after the CCI of the sciatic nerve WIN
55,212-2 produced antinociception and inhibited the activity of the ON cells while increased
those one of the OFF cells (as centrally acting analgesic drugs are expected to do) at doses
twofold higher than in control rats [67]. Moreover, the expression of cannabinoid type 1 (CB1)
receptor, the CB1 receptor associated Gai3 and the cannabinoid receptor interacting 1a (CRIP
1la) proteins and the endocannabinoid synthesising enzyme NAPE-PLD proved to be de-
creased in CCI rats [67]. Thus a down regulation of the endocannabinoid system within the
VL PAG, possibly due to endocannabinoid increase in neuropathic pain state [72], may lead
to an enhancement in pain responses through an altered control of PAG-RVM circuitry on
spinal nociceptive neurons. A hyperactivity of serotonergic neurons and an increase in
endocannabinoids was also observed in CCI animals in dorsal raphe (DR), an area which lies
just ventrally and shows similar morphological properties to the PAG [73]. DR phenotypic
changes during neuropathic pain may have also relevance for the affective component of
chronic pain. Another supraspinal circuitry being involved in to the emotional-affective
aspects of pain is the basolateral amygdala (BLA)-medial prefrontal cortex (mPFC) pathway.
Pyramidal neurons of mPFC respond to BLA electrical stimulation or hind-paw pressoceptive
stimulation with an inhibitory [BLA—mPFC(-)] or excitatory [BLA—mPFC(+)] response [74].
These neurons show a phenotypic rearrangement in SNI-induced mono-neuropathy in the rat,
suggesting that the mPFC may undergo profound reorganization in chronic pain conditions
[75]. Neuropathic pain can shift the balance between excitatory and inhibitory responses in
the BLA—mPFC pathway, resulting in a net increase in the excitatory influence that the BLA
exerts over the prelimbic/infralimbic (PL/IL) neuron population of the mPFC [76-80]. These
functional changes appeared concomitantly with an increase in glutamate levels, as well as an
up-regulation of fatty acid amide hydrolase (FAAH) enzyme and TRPV1 channels in the
PL/IL cortex of SNI rats [75]. Overexpression of several caspases such as caspase-3 and 1,
upregulation of glutamate AMPA receptors in microglia, IL-13 and IL-1 receptor-1, TRPV1
and vesicular glutamate transporter 1 (VGluT1) in glutamatergic neurons were also observed
7 days after SNI in mice. Of these alterations, only those in astrocytes persisted in SNI
TPRV1(-/-) mice. SNI triggers both TRPV1-dependent and independent glutamate- and
caspase-mediated cross-talk among IL-PL cortex neurons and glia, which either participates
or counteracts pain processing. Alterations in endovanilloid system associated with peripheral
nerve injury may suggest that therapies able to normalize endovanilloid transmission or
blocking caspase activation may prove useful in ameliorating symptoms and central sequelae
associated with neuropathic pain [80, 75]. Within the VL PAG the expression of pronociceptive
mediator targets such as the prostaglandin EP1 receptor, whose activation has pain facilitatory
role, proved to be reduced 7 days after neuropathic pain induction by SNI. However, its
blockade and stimulation was still able to inhibit/facilitate pain responses and the ON and OFF
cell activity, as they did in control animals. The major expression of EP1 receptor was found
on GABAergic neurons consistently with an EP1 receptor blockade-induced disinhibition of
the antinociceptive descending pathway at VL PAGlevel and behavioural antinociception [16].
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5. Cannabinoids and peripheral neuropathy

The discovery and characterization of cannabinoid receptors (CBRs) in the late eighties [81,
82] and the subsequent isolation of endogenous ligands, first of all the arachidonoylethanola-
mide (AEA) [83], established the existence of a proper endocannabinoid neuromodulatory
system. Cannabinoids include the components of the cannabis plant (Cannabis sativa L.), the
endogenous cannabinoids (endocannabinoids), and several synthetic cannabinoid ligands.
The cannabinoid system is involved in several human physiological functions as testified by
the fact that cannabis intake affects important aspects of behaviour such as short-term memory,
panic reactions, motor coordination, food-intake and pain perception [84, 85]. More than 70
psychoactive compounds have been identified in cannabis, among which A’-tetrahydrocan-
nabinol (THC) accounting for most of the psychological and physical effects. Cannabinoids
exert their effects through the activation of two G protein-coupled receptors identified as the
cannabinoid CB1 and CB2. Their activation is associated with inhibition of adenylate cyclase
and the stimulation of mitogen-activated protein kinase (MAPK). Moreover, CB1 receptor
activation modulates calcium or potassium conductance properties linked to the reduction of
neuronal excitability and neurotransmitter release [86]. CB1 receptor is wide expressed in the
brain, including neuroanatomical regions subserving transmission and modulation of pain
signals, such as the PAG, the RVM and the dorsal horn of the spinal cord [87, 88]. CB2 is found
manly in the peripheral immune system. It is expressed on T and B cells, macrophages, natural
killer and monocytes, however recent studies suggest its expression on neurons at dorsal root
ganglia level and at central level within spinal cord, specifically on glia, microglia and neurons
[89, 28]. Pharmacological evidence also support the existence of non—-CB1/CB2 receptor-
mediated cannabinoid effects [90] and different investigations have been identified possible
targets in the orphan G protein—coupled receptor GPR55 [91], transient receptor potential
vanilloid type-1 (TRPV1) channel [92] or peroxisome proliferator-activated receptors (PPARs)
[93]. The endocannabinoids such as AEA, arachidonoylglycerol (2-AG) and N-arachidonoyl-
dopamine (NADA) are lipid compounds produced on demand by the cleavage of membrane
phospholipid precursors, released from cells immediately after their production and degraded
by specific enzymatic system. AEA is synthesized from enzymatic cleavage of N-arachidonoyl
phosphatidylethanolamine (NAPE) by a specific phospholipase D (NAPE-PLD). It shows
higher affinity for CB (Ki [CB1 vs CB2] =89 vs 371 nM) and can also activate ionotropic TRPV1
receptors as endovanilloids. Biological inactivation of anandamide occurs through a rapid
uptake followed by intracellular hydrolysis mediated by FAAH.

2-AG, which is more abundant than anandamide in the brain binds to CB1 and CB2 with a
lower affinity than anandamide, but behaves like a full agonist since it shows higher intrinsic
activity [94]. 2-AG is synthesized by the enzyme diacylglycerol lipase (DGL-a) in a Ca®-
dependent pathway [95]. Other alternative mechanisms of 2-AG synthesis have also been
proposed [96]. Biological inactivation occurs through uptake followed by hydrolysis mediated
by the enzyme monoacylglycerol lipase (MGL). Other enzymes have been indicated for 2-AG
metabolism, including cyclooxygenases (COXs), lipooxygenases (LOXs) and FAAH [97, 98].
The first evidence of the analgesic properties of cannabis was observed in 1899 by Dixon [99].
Crucial studies on cannabinoid-induced antinociception by Bicher and Mechoulam (1968)
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[100] and Kosersky [101] confirmed the ability of cannabinoids to inhibit acute and inflam-
matory and nerve injury-induced pain. Cannabinoids seem to be useful in alleviating neuro-
pathic pain symptoms after prolonged treatments [102], unlike opioids, which show only
limited effectiveness [103, 104]. The activation of the CB receptors by synthetic agonists, or
pharmacological elevation of endocannabinoid levels, suppresses hyperalgesia and allodynia
in animal models of neuropathic pain. Local administration of exogenous AEA or 2-AG
significant decreases the hyperalgesia in formalin test or in the PNL [105, 106]. Systemic FAAH
inhibitor (URB597, AA-5-HT, OL-135) administration or the inhibition of endocannabinoid
uptake with AM404 produce antinociceptive effects in CCI [107] or PNL models [3] which are
mainly CB1 receptor-mediated. It is also important to highlight that inhibitors of FAAH elevate
levels of fatty-acid amides that do not bind to CB receptors (e.g. palmitoylethanolamine). Thus,
the contribute of non-cannabinoid receptor mechanisms of action in the in vivo pharmacolog-
ical effects of FAAH and MGL inhibitors must also be considered. Direct evidence for supra-
spinal sites of cannabinoid analgesic action was derived from the observation that
administration of cannabinoids compounds straight into the brain induces antinociception.
Martin et al. (1999) [108] demonstrated that WIN55,212-2 produced antinociception in the tail-
flick test when injected into different brain regions including subnuclei of the amygdala,
thalamus, PAG and RVM.

In addition, as previously briefly described, WIN55,212-2 microinjection into the PAG
suppressed the sciatic nerve constriction-induced allodynia and modulated RVM cells activity
[67]. Similar effects have been shown by intra-PAG injection of a FAAH inhibitor URB597
which elevates endocannabinoid levels and reduces the thermal nociception via activation of
CB1 and TRPV1 receptor mechanisms [109]. Moreover, Giordano et al. (2011) [80] have shown
that acute intra-pre-limbic/infra-limbic cortex microinjection of N-arachidonoyl-serotonin
(AA-5-HT), a hybrid FAAH inhibitor and TPRV1 channel antagonist, transiently decreased
the allodynia and modulates the changes occurring on cortex pyramidal neurons induced by
SNI model.

In the complex scenario of neuropathic pain, which also involves non-neuronal pathways, such
as microglial cell-induced synaptic plasticity, the endocannabinoid system may also represent
target to exploite for modulating microglia-neuron communication. Several studies have
focused on CB2 receptor activation in different neuropathic pain models [110, 28, 111, 112].

Such studies have highlighted the role of CB2 receptor in the modulation of immune
response involved in the development of neuropathic pain. CB2 receptor activation exerts
antiallodynic and antihyperalgesic effects by modulating microglia responses. In particu-
lar, CB2 receptor stimulation induced an analgesic effect in SNI mice associated with a
reduction in the pro-inflammatory (IFN-y and IL-1{3) and an enhancement in anti-inflam-
matory (IL-10) mediators within the spinal cord [28]. Beside the analgesic effect, cannabis
intake can impair cognitive and performance tasks, such as memory and learning [113].
Activation of central CB1 receptors lead to a combination of stimulatory and depressant
effects [114]. Other effects including catalepsy, motor deficits and thermal imbalance have
been observed after administration of centrally acting cannabinoids [115] These effects,
mainly associated with activation of central CB1 receptors, deeply limit the clinical use of
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cannabinoids for the treatment of chronic pain states. The synthesis of CB2 receptor-
selective agonists which lack of the majority of central side effects and produce antinocicep-
tive effects represent an interesting pharmacological tool [116].

Cannabinoids can counteract pain in both physiological and pathological conditions. CB1Rs
and CB2Rs are both overexpressed during inflammation and neuropathic pain. In this context,
selective activation of peripheral CB1 or CB2 receptor by cannabinoid agents which do not
penetrate the blood brain barriers or the enhancement of the endocannabinoid levels can be a
promising therapeutic approach that avoid the side effects associated with central CB1 receptor
activation. Finally the isolation of non psychotropic compounds of Cannabis Sativa, such as
cannabidiol or cannabichromene, which show antinociceptive properties in physiological
[117] and pathological [118] pain conditions, could represent an alternative tool in pain
management.

6. Stem cell treatment for peripheral neuropathy

Management of peripheral neuropathy in affected patients could be tailored to individual
requirements, for instance the presence of other co-morbidities could influence the therapy.
Damaged peripheral nerves demonstrate some potential to regenerate, however, complete
functional recovery is infrequent. Novel approaches are required in the clinical management
of peripheral nerve injuries since the current surgical techniques result in deficient sensory
recovery [119].

Nowadays, neuropathy research is focusing on newer cellular and molecular approaches, such
as stem cell therapy. Preclinical studies indicate that stem cell therapy represents the great
promise for the future of molecular and regenerative medicine, including tissue regeneration.
In peripheral neuropathy, stem cells could act in several ways: i) improving the intrinsic
regenerative capacity of injured nerves; ii) inhibiting pathogenic immune responses both in
the periphery and inside the central nervous system; iii) releasing neuroprotective and anti-
inflammatory molecules thus favouring tissue repair.

In the last years, it has been demonstrated that stem cells are neuroprotective in a variety of
nervous system injury models [120]. Briefly, stem cells have been found in all multi-cellular
organisms, they are able to divide and differentiate into diverse specialized cell types. In
addition, stem cells self-renew themselves to produce more stem cells. Indeed, in principle,
their extraordinary properties are the self-renewal (the ability to perform indefinite cell
division cycles while maintaining the undifferentiated state) and the multipotency (the
capacity to differentiate into specialized cell types). The availability of multiple stem cell types
provides both the opportunity and a reasoned approach for treating several, otherwise
untreatable, human diseases [121].

As neurodegenerative disease, also peripheral neuropathy could benefit by stem cell
therapy. This cell- based treatment opportunity represents a non-surgical approaches to
enhance nerve recovery and re-innervation processes [122, 123]. Indeed, stem cell implan-
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tation appears as a possible curative treatment having the stem cells the ability to
incorporate into the site of a lesion, differentiate, and to improve locomotor recovery [124].
Stem cell beneficial effects are due to their properties, as self-renewal ability with the
capacity to generate more identical stem cells; the capacity to give rise to more differenti-
ated cells; the capacity to produce neuroprotective and anti-inflammatory molecules
(paracrine regulatory functions) [121].

The ideal stem cell source for peripheral neuropathy repair should be easily accessible,
involve non-invasive harvesting, be rapidly expandable in in vitro culture, be able to
survive and integrate within the host nerve tissue [125]. Mesenchymal stem cells (MSCs)
represent a promising therapeutic approach in nerve tissue engineering [126]. These cells
are a population of progenitor cells of mesodermal origin found in the bone marrow of
adults, giving rise to skeletal muscle cells, blood, adipose tissue, vascular and urogenital
systems, and to connective tissues throughout the body [127]. This type of stem cells yields
most prominent results in peripheral nerve re-generation. In addition, MSCs have great
potential as therapeutic agents since they are easy to isolate and can be expanded from
patients without serious ethical and technical problems [128]. MSC treatment into a
polycaprolactone nerve guide was able to improve re-innervation and activity in mice
undergone to nerve transection [129]. Interestingly, some transplanted stem cells as-
sumed a Schwann-cell-like phenotype.

In a murine model of sciatic nerve crush injury, intravenous administration of adipose-derived
MSC (ASC) significantly accelerated the functional recovery [126]. Mice showed significant
improvement in fiber sprouting and the reduction of inflammatory infiltrates. The authors
proposed that ASC-mediated positive effects were due to the production of in situ molecules,
which, directly or indirectly through a cross-talk with local glia cells, could modulate the local
environment with the down-regulation of inflammation and the promotion of axonal regen-
eration. Peripheral neuropathy is a dramatic symptom in Krabbe disease [130]. Hematopoietic
stem cell (HSC) transplantation proved effective in slow the progression of this disease. HSCs
were able to achieve improvement in peripheral nerve conduction abnormalities in Krabbe
patients, suggesting remyelination of the nerves [131]. Diabetic neuropathy is the most
common complication of diabetes, frequently leads to foot ulcers and may progress to limb
amputations [132].

It has been proposed that autologous transplantation of bone marrow-derived mononuclear
cells (BM-MNCs) could be a novel strategy for the treatment of painful diabetic neuropathy
[133]. Indeed, transplantation of BM-MNCs is able to alleviate neuropathic pain in the early
stage of streptozotocin-induced diabetic rats. The BM-MNC transplantation significantly
ameliorated mechanical hyperalgesia and cold allodynia. Diabetic neuropathy is attracting
most research strategies. Several clinical trials have been performed on the use of stem cells
for the treatment of human peripheral diabetic neuropathy (www.clinicaltrials.gov). Induced
pluripotent stem (iPS) cell technology has enormous potentials to advance medical therapy by
personalizing regenerative medicine [134]. iPS cells offer great potentials as a future tool also
for the treatment of peripheral neuropathy. Cell incorporation into conduit repair of peripheral
nerves demonstrates experimental promise as a novel intervention. Tissue-engineered bio-
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absorbable nerve conduits coated with iPS cell-derived neurospheres were able to repair
peripheral nerve gaps in mice [135].

Achieving peripheral nerve regeneration, axonal regeneration and re-myelination with stem
cells is a challenging research goal. This process is very complex, with Wallerian degeneration
being the most elementary reaction and Schwann cells playing an important role. An emerging
solution to improve upon this intrinsic regenerative capacity is to supplement injured nerves
with stem cells [136]. Stem cells effectiveness in the treatment of peripheral nerve injury may
lie in their ability to differentiate into Schwann cells, secrete neurotrophic factors, and assist
in myelin formation [137, 136]. This strategy of introduction autologous stem cells directly into
the site of a nerve injury represents a promising therapy. Skin-derived precursor cells (SKPs)
were successfully transplanted in the sciatic nerve of Lewis rats bridged by a freeze-thawed
nerve graft.

The cells were able to improve nerve re-generation, probably their effect was due to the ability
to secrete bioactive neurotrophins [138]. Another stem cell type, the multipotent hair follicle
stem cells, could provide a potential accessible, autologous source of stem cells for regeneration
therapy of damaged nerves [139]. More recently, in an interesting study, Amoh et al. trans-
planted hair follicle stem cells around the impinged sciatic nerve of the mice. The cells
differentiated into glia fibrillary acidic protein-positive Schwann cells, promoting the recovery
of pre-existing axons. Authors reported that the regenerated sciatic nerve was functionally
recovered [140]. These hair follicle stem cells could differentiate into several cell types, i.e.
neurons, glia, keratinocytes, smooth muscle cells and melanocytes. They are nestin-positive
cells and once implanted into the gap region of the sciatic or tibial nerve, are able to enhance
the rate of nerve regeneration and the restoration of nerve function [141]. Wharton's jelly fish-
derived mesenchymal stem cells (WJMSCs) could be also a promising cell source for nerve
tissue engineering. It has been demonstrated that these cells can be differentiated into
Schwann-like cells and could be suitable Schwann-cell substitutes for nerve repair in clinical
applications [142]. A recent strategy for peripheral nerve regeneration is based on the use of
CD34(+) cells. Indeed, integration of CD34(+) cells in injured nerve significantly promotes
nerve regeneration [143]. However, limited migration and short survival of CD34(+) cells could
counteract this beneficial effect. One strategy could be the potentiation of CD34(+) cell
recruitment triggered by stromal cell-derived factor-1a (SDF-1ax) [143]. This strategy based on
the over-expression of SDF-1a is providing interesting results in the peripheral neuropathy
treatment. It has been proposed that the expression of SDF-1a in the injured nerve exerts a
trophic effect by recruiting progenitor cells that promote nerve regeneration. Intravenous
administration of human amniotic fluid-derived mesenchymal stem cells facilitated neural
regeneration in a sciatic nerve crush injury model, when recruited by expression of SDF-1at in
muscle and nerve after nerve crush injury [144]. As mesenchymal stem cells, amniotic fluid-
derived mesenchymal stem cells have the ability to secrete neurotrophic factors that are able
to promote neuron survival. Their transplantation was able to regenerate the sciatic nerve after
crush injury by secretion of neurotrophic factors [145]. Interestingly, the stem cell mediated
effects could be enhanced by co-administration of several anti-inflammatory and anti-
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apoptotic factors, i.e. fermented soybean extracts or granulocyte-colony stimulating factor (G-
CSF) [146, 147].

In some cases, stem cell therapy does not provide optimal results. The multipotent capacity of
stem cells to differentiate into many cell types has led to successful therapy, but concerns
remain about the possible negative or harmful effects of the transplanted cultured cells [148].
Mahdi-Rogers et al. treated six patients with chronic acquired demyelinating neuropathy with
autologous peripheral blood stem cell transplantation (PBSCT) [149]. These patients were
refractory to other treatments; however, the authors reported serious adverse events and lack
of sustained response. There have been reports of inflammatory peripheral neuropathy or
polyneuropathy associated with chronic graft-versus-host disease (GVHD) [150], even if
pathogenesis has not been fully cleared. Doi et al. report a case of immune-mediated neuro-
pathy after allogenic hematopoietic stem cell transplantation for Philadelphia-chromosome-
positive acute lymphoblastic leukemia [151].0n the other hand, a case of peripheral
neuropathy induction was reported after autologous blood stem cell transplantation for
multiple myeloma [152]. Overall, these data indicate that before being suitable for clinical
applications, stem cell biology needs to be investigated further and in greater detail [153].

7. Conclusions

Neuropathic pain involves a complex network of mechanisms involving peripheral and central
nervous system. The peripheral nerve injury produces abnormal peripheral afferent inputs at
the spinal dorsal horn which leads to development of central sensitization and plastic changes
in supraspinal areas. The precise contribute of the different brain sites in neuropathic pain
development and maintenance is still far to be established. In particular the contribute of the
descending pain modulatory system including the PAG and the RVM is dual varying from
inhibitory to facilitatory. By this subject strategies able to shift the balance between facilitatory
versus inhibitory influences of the descending pathway may be useful to counteract neuro-
pathic pain symptoms. Cannabinoids have been proved to stimulate the PAG-RVM inhibitory
pain control and inhibit neuropathic pain-related allodynia and hyperalgesia.

Neurons are not the only cell type involved in plastic changes at the base of pain hypersensi-
tivity and activated microglia actively contribute to pain facilitation through a tight interaction
with neuron activity and the release of pain mediators. Novel strategies based on switching
off the microglia activation represents a possible therapeutic intervention to alleviate neuro-
pathic pain.

Human mesenchymal stem cell transplantation has shown to reduce astrocytic and microglial
cell activation, mechanical allodynia and cellular and molecular pain mechanisms. The
therapeutic potentiality of stem cell to alleviate neuropathic pain appears encouraging,
however, its clinical application in peripheral neuropathy requires and deserves further
investigations.
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1. Introduction

Upper extremity compression neuropathies are among the most common disorders in plastic
surgery, especially in patients with predisposing occupations or with certain medical disor-
ders. In the past two decades a notable increase in the incidence of this entity has occurred.
Therefore, it is mandatory to achieve a prompt diagnosis because they can produce important
motor and sensory deficiencies that need to be treated before the development of complica-
tions, since, despite the capacity for regeneration bestowed on the peripheral nervous system,
functions lost as a result of denervation are never fully restored.

2. Etiology

There are many different situations that may be a direct cause of nerve compression. Ana-
tomically, nerves can be compressed when traversing fibro-osseous tunnels, passing between
muscle layers, through traction as they cross joints or buckling during certain movements of
the wrist and elbow. Other causes include trauma, direct pressure and space-occupying lesions
at any level in the upper extremity.

There are other situations that are not a direct cause of nerve compression, but may increase
the risk and may predispose the nerve to be compressed specially when the soft tissues are
swollen like synovitis, pregnancy, hypothyroidism, diabetes or alcoholism [1].

Physicians in touch with patients who suffer from upper extremity compression neuropa-
thies must apply all of their skills to correctly distinguish symptomatic nerve entrapment
form other neurologic entities such as myelopathy, braquial plexopathy, radiculopathy, and
other central nervous system disorders, that can mimic peripheral nerve entrapment.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
I m EC H 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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Besides these pathologies, the differential diagnosis must include painful rheumatologic
and orthopedic disorders; and other psychological entities, such as somatoform and
factitious disorders.

3. Pathophysiology

When nerve fibers undergo compression, the response depends on the force applied at the
site and the duration. Acute, brief compression results in a focal conduction block as a
result of local ischemia, being reversible if the duration of compression is transient. On the
other hand, if the focal compression is prolonged, ischemic changes appear, followed by
endoneurial edema and secondary perineurial thickening. These histological alterations will
aggravate the changes in the microneural circulation and will increase the sensitivity of
the neuron sheath to ischemia. If the compression continues, we will find focal demyelina-
tion, which typically results in a greater involvement of motor than sensory nerve fibers.
Even at this point clinical and electrophysiologic signs can resolve within a period of weeks
to months.

As the duration of compression increases beyond several hours, more diffuse demyelination
will appear, being the last event an injury to the axons themselves. This process begins at the
distal end of compression or injury, a process termed wallerian degeneration. These neural
changes may not appear at a uniform fashion among the whole neural sheath depending on
the distribution of the compressive forces, causing mixed demyelinating and axonal injury
resulting from a combination of mechanical distortion of the nerve, ischemic injury, and
impaired axonal flow [2].

4. Clinical evaluation

4.1. History

We must begin with a complete history of the patient, asking about preexisting diseases that
may be a direct cause of the neuropathy or may exacerbate it like diabetes, hypothyroidism,
alcoholism, rheumatologic or orthopedic problems and any history of trauma or surgeries that
may explain his or her symptoms.

The symptoms we may find in our patients will depend on diverse factors, mainly in the nature
of the nerve involved, if it is primary motor, sensitive or both, and the anatomic location of the
site of compression. The principal affections we will find will be hypoesthesia of the territory
of the sensitive nerve or a complete anesthesia in more chronic conditions. In case of motor
nerve compression, symptoms will be related to a progressive loss of function to a complete
muscular atrophy in severe cases.

We need to investigate when did the symptoms began, if they were progressive or sudden,
which movements are limited or impaired, if hypoesthesia or complete loss of sensation is
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present, accompanying symptoms, and if they have improved with time or with a particular
action taken by the patient.

4.2. Physical exam

Besides a complete history of our patient, a thorough nerve exam needs to be addressed based
on the knowledge of the upper extremity nerves anatomy in order to determine the possible
site of compression. Our physical exam must include a sensitive and a motor evaluation of the
complete upper extremity, beginning with the evaluation of specific movements of the
shoulder, arm, forearm, elbow, wrist and digits to determine which muscles are affected and
the range of motion of each of these muscles. Next, the sensitivity must be tested, light touch,
pain, pressure, vibration and two-point discrimination among the specific distribution of the
main nerve involved. There are some complementary tests we may apply in order to guide
our exam according to the nerve we think is involved. These specific tests will be discussed
further in the chapter [3].

5. Electrophysiology

Electrophysiologic testing is part of the evaluation, but it never substitutes a complete history
and a thorough physical examination. These tests can detect physiologic abnormalities in the
course of motor and sensory axons. There are two main electrophysiologic tests: needle
electromyography and nerve conduction, which permit differentiating between a focal
mononeuropathy, a radiculopathy, and a plexopathy, or the discovery of a more diffuse
process, such as a systemic peripheral neuropathy or motor neuron disorder.

The electromyography detects the voluntary or spontaneous generated electrical activity.
The registry of this activity is made through the needle insertion, at rest and during
muscular activity to assess duration, amplitude, configuration and recruitment after injury.
Recruitment will be affected if demyelination occurs, but will not result in abnormal
spontaneous activity. Meanwhile, axonal injury will result in both recruitment and
abnormal spontaneous activity, which will not be seen on needle electromyography until
2 weeks after the initial insult [4].

Nerve conduction assesses for both sensory and motor nerves. This study consists in applying
avoltage simulator to the skin over different points of the nerve in order to record the muscular
action potential, analyzing the amplitude, duration, area, latency and conduction velocity. The
amplitude indicates the number of available nerve fibers. Some authors consider diminished
amplitude below 50% to be suggestive of compression. In such cases, we will find a normal
response to distal stimulation but no response proximal to the site of entrapment. If the
compression progresses, our results will be compatible with axonal degeneration with
diminished amplitude of the response with relative preservation of the conduction velocity
and distal latency until the remaining axons are completely damaged [5].
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6. Median nerve

6.1. Anatomy

The median nerve is formed in the axilla by a branch each from the medial and lateral chords of
thebrachial plexus, receiving fibers from C6, C7, C8 and T1 roots. It arises anterior to the axillary
artery, descending distally through the arm lateral to the brachial artery till it reaches the medial
aspectofthearm.Itisimportanttoknow that the median nervehasnobranches above the cubital
fossa. It enters the cubital fossa lateral to the brachialis tendon passing between the two heads of
the pronator teres giving off the anterior interosseus branch (Figure 1).

Pronator Teres,
Humeral Head

Median Nerve

Radial Artery
Pronator Teres FDS Arch,
Ulnar Head reflected

Anterior Interosseous
Nerve

Figure 1. Median nerve descending lateral to brachial artery, giving off the anterior interosseus branch between the
two heads of the pronator teres.

The nerve continues in the forearm between the flexor digitorium profundus and flexor
digitorium superficialis, giving off above the wrist the palmar cutaneous branch that supplies
the skin of the central portion of the palm. In the forearm it supplies the pronator teres, flexor
carpi radialis, flexor digitorium superficialis and profundus, flexor pollicis longus and
pronator quadratus [6] (Figure 2).
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Figure 2. Branches and supplied muscles by the median nerve in the forearm.

Finally, it enters the hand through the carpal tunnel, running beneath the transverse carpal
ligament, superficial to nine tendons: four of the flexor digitorium superficialis, four of the
flexor digitorium profundus and one of the flexor pollicis longus. Distally it supplies the thenar
eminence muscles and the lateral two lumbricalis, providing sensation to the first 3 digits and
the lateral aspect of the fourth digit. (Figure 3).

6.2. Median nerve entrapment

There are three well-described entrapment syndromes involving the median nerve or its
branches, namely pronator teres syndrome, anterior interosseous syndrome and carpal tunnel
syndrome according to the level of entrapment. Each one of these syndromes presents with
different clinical signs and symptoms, electrophysiologic results and requires different
techniques for their release.

6.3. Pronator teres syndrome (Proximal compression)

6.3.1. Sites of compression

This is the most proximal compression site of the median nerve. It is due to compression of
the median nerve as it passes through pronator teres. It may also be compressed upon the
lacertus fibrosus (fascial sheet attached to biceps tendon), at the arched origin of the flexor
digitorium superficialis or at the ligament of Struthers (connects medial epicondyle with a
supracondylar process of humerus).
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6.3.2. Diagnosis

The onset is insidious and is suggested when the early sensory disturbances are greater on the
thumb and index finger, mainly tingling, numbness and dysaesthesia in the median nerve
distribution. Patients will also complain of increased pain in the proximal forearm and greater
hand numbness with sustained power gripping or rotation because these movements tighten
the fibrous origin of the superficial flexor muscles beneath which the median nerve passes.
There is no nocturnal preference.

In the physical exam we may find a positive Tinel’s sign at site of proximal compression within
the antecubital fossa, negative over the carpal tunnel. Phalen’s test will be negative. Generally,
the neurophysiological exam will be normal, although in severe cases we may find fibrillations

and sharp positive spikes in pronator quadratus and flexor pollicis longus.

6.3.3. Treatment

Surgical decompression is the definitive treatment. The incision should be distal to the elbow,
oblique and parallel to the proximal margin of the pronator teres muscle, followed by an
external neurolysis of the nerve performed proximally between the two heads of the pronator

teres, and distally as it passes beneath the flexor digitorium superficialis muscle.

ﬂf palm side of hand
i

median nerve carpal tunnel

transverse carpal median nerve

ligament

blood vessels

carpal bones
tendons

finger flexor tendons ) )
9 cross section of wrist

£ 2007 Eneyelopsedia Britannica, Inc.

Figure 3. Carpal tunnel limits and branches of the median nerve in the hand.
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6.4. Anterior interosseous syndrome

6.4.1. Innervation

The anterior interosseous nerve classically innervates these muscles: flexor pollicis longus,
pronator quadratus and the radial half of flexor digitorium profundus. These muscles are in
the deep level of the anterior compartment of the forearm.

6.4.2. Causes of compression

The most common cause of this syndrome is a spontaneous fracture, probably due to brachial
neuritis. Other causes include a space-occupying lesion, open fractures, elbow dislocation,
compartment syndrome affecting the flexor compartment of the forearm, compression by the
deep head of the pronator teres, the arch of flexor digitorium superficialis, or by Gantzer’s
muscle (accessory head of flexor pollicis longus).

6.4.3. Diagnosis

It presents principally as weakness of the index finger and thumb, and the patient may
complain of diffuse pain in the proximal forearm, which may be exacerbated during exercise
and diminished with rest. The vast majority of patients begin with pain in the upper arm, elbow
and forearm, often preceding the motor symptoms. Pain is a common feature of anterior
interosseus nerve compression, but it is not a predictive sign for differentiating an inflamma-
tory from a mechanical origin.

During physical exam, the patient will be unable to bend the tip of the thumb and tip of index
finger. The typical symptom is the inability to form an “O” with the thumb and index finger.
Since flexor pollicis longus and flexor digitorium profundus to the index and middle finger
are paralyzed, the patient will not be able to flex the interphalangeal joint of the thumb and
the distal interphalangeal joint of the index finger. Sometimes, the motor branches to pronator
teres, flexor carpi radialis and/or palmaris longus are also involved. [7] Spinner [8] has
described a sign in which upon making a fist, the tips of the index finger and thumb remain
conspicuously excluded. The examination of the pronator quadratusis difficult and unreliable.
With the elbow bent at 90°% the patient is asked to forcibly pronate the forearm against
resistance of the examiner.

The anterior interosseus nerve provides no sensory fibers to the skin, therefore, the sensation
and sweating in the median nerve distribution is preserved. Abnormal sensibility in the
median nerve distribution in the presence of an anterior interosseus syndrome, suggests a
proximal median compression neuropathy involving fascicles of the anterior interosseus
nerve. [9]

Electrophysiologic tests may reveal denervation and weakness of the muscles innervated by
the anterior interosseous nerve. Other studies like an MRI should be necessary in order to
discard space-occupying lesions and the involvement of bone and other structures.
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6.4.4. Treatment

If the onset was spontaneous and there is no evident lesion on MRI, supportive care and
corticosteroid injections with observation for 4 to 6 weeks is usually accepted management.
The degree of recovery is unpredictable. If the symptoms continue we may continue with a
surgical treatment where a detachment or resection of the deep head of the pronator teres
muscle is performed. If there is no evident recovery, we may have to consider tendon transfers.

6.5. Carpal tunnel syndrome

This is the most frequently encountered compression neuropathy in the upper limb. It is a
mechanical compression of the median nerve through the fixed space of the rigid carpal tunnel.
The incidence in the United States has been estimated at 1 to 3 cases per 1,000 subjects per year,
with a prevalence of 50 cases per 1,000 subjects per year. [10] It is more common in women
than in men (2:1), perhaps because the carpal tunnel itself may be smaller in women than in
men. The dominant hand is usually affected first and produces the most severe pain. It usually
occurs in adults, being the peak age range for development 45 to 60 years, and only 10% of
patients are younger than 30 years. The risk of developing carpal tunnel syndrome is not
confined to people in a single industry or job, but it is especially common in those performing
assembly line work, manufacturing, sewing, cleaning and poultry or fish packing.

6.5.1. Anatomy

The carpal tunnel runs beneath the transverse carpal ligament, which transversely connects
the pisiform, hamate, scaphoid and trapezium and longitudinally connects the deep fascia of
the forearm and the palmar fascia. It contains the median nerve, 9 tendons previously described
and the motor branch of the median nerve. There are three major patterns of branching of the
recurrent motor branch: extraligamentous (50%), subligamentous (31%) and transligamentous
(23%) [11].

6.5.2. Carpal tunnel pressure

The lowest carpal tunnel pressure at rest with wrist in neutral position is 2.5mmHg. In full
wrist flexion it normally rises up to 30mmHg. In patients with carpal tunnel syndrome, this
pressure rises to 30mmHg and 90mmHg respectively (Phalen’s test provokes this rise in
pressure).

6.5.3. Etiology

There is still some controversy among the activities that may be a direct cause of carpal tunnel
syndrome. It is believed to be idiopathic in the majority of cases and it has been related to
repetitive prolonged wrist extension causing mechanical irritation, synovitis and eventually
compressive neuropathy of the median nerve. Trauma can be another cause of this syndrome
mainly among 5% of wrist fractures and 60% of lunate dislocations. Other rare disorders
include renal failure and haemodialysis, hypothyroidism, pregnancy and some space-
occupying lesions like ganglions and nerve tumours.
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6.6. Anomalous interconnections

In some cases we may find these anomalous interconnections that may explain some clinical
findings not attributable to the median nerve like little finger numbness in carpal tunnel
syndrome:

* Martin Gruber: Motor interconnections from median to ulnar nerve in forearm.

* Richie-Cannieu: Motor and sensory interconnections from median to ulnar nerve in the
hand.

6.6.1. Diagnosis

Itis mainly clinic, but complementary electrophysiologic tests should be ordered. It is typically
first manifested by numbness, discomfort and parestesias of the thumb, index finger, middle
finger and the radial side of the ring finger. As the symptoms progress, the patient may be
awakened from sleep, referring constant numbness and pain. Pain may develop on the anterior
wrist or at distal forearm at the carpal tunnel entrance (Durkin sign) and may be aggravated
by elevation of the hand. Skin sensibility is not disturbed in the distribution of the palmar
cutaneous branch as this branch is subcutaneous and does not pass through the carpal tunnel.
Phalen and Tinel tests are highly reliable for diagnosis of carpal tunnel syndrome. If both tests
are positive, there is a 91% chance of an accurate diagnosis. In advanced stages of carpal tunnel
syndrome we may find thenar atrophy, which is associated with axonal damage [12].

Graham et al, developed a list of 6 clinical criteria (CTS-6) for the diagnosis of carpal tunnel
syndrome, having all of them a statistically significant probability of being associated with this
entity [13] (Table 1).

Electrodiagnostic studies are reliable for evaluation of suspected carpal tunnel syndrome, but
in questionable cases, clinical evaluation supersedes these studies. Abnormalities on electro-
physiologic testing, in association with specific symptoms and signs, are considered the
criterion standard for carpal tunnel syndrome diagnosis. Electrophysiologic testing also can
provide an accurate assessment of how severe the damage to the nerve is, thereby directing
management and providing objective criteria for the determination of prognosis. Carpal tunnel
syndrome is usually divided into mild, moderate and severe. In general, patients with mild
carpal tunnel syndrome have sensory abnormalities alone on electrophysiologic testing, and
patients with sensory plus motor abnormalities have moderate carpal tunnel syndrome.
However, any evidence of axonal loss is classified as severe carpal tunnel syndrome. [14].
Electromyography shows fibrillation and positive sharp spikes in severe compression with
muscle atrophy. Nerve conduction may reveal an increase in terminal sensory latency, sensory
conduction velocity or motor conduction velocity when compared with the other hand.

No imaging studies are considered routine in the diagnosis of carpal tunnel syndrome.
Magnetic resonance imaging of the carpal tunnel is particularly useful preoperatively if a
space-occupying lesion in the carpal tunnel is suggested. MRI does not rule out the multitude
of other differential diagnoses and it is time consuming and resource intensive. [15] The same
thing occurs with the use of ultrasound in the diagnosis of this entity, because there can be
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problems differentiating the median nerve from surrounding soft tissue, and some studies
report that it does not correlate well with both clinical and electrodiagnostic criteria, limiting
its role in diagnosis. [16]

CTS-6. Diagnostic Clinical Criteria for Carpal Tunnel Syndrome

1: Numbness and tingling in the median nerve distribution
2: Nocturnal numbness

3: Weakness and/or atrophy of the thenar musculature

4: Tinel's sign

5: Phalen’s test

6: Loss of 2-point discrimination

Table 1. Diagnostic Clinical Criteria for Carpal Tunnel Syndrome

6.6.2. Treatment

It can be divided in non-operative and surgical decompression of the carpal tunnel. The non-
operative treatment is based in splintage of the wrist in a neutral position for three weeks and
steroid injections. This therapy has variable results, with a success rate up to 76% during one
year, but with a recurrence rate as high as 94%. Non-operative treatment is indicated in patients
with intermittent symptoms, initial stages and during pregnancy [17].

The only definitive treatment for carpal tunnel syndrome is surgical expansion of the carpal
tunnel by transection of the transverse carpal ligament. There is much controversy over what
is the most appropriate surgical technique for decompression of the carpal tunnel, either by
and open or by an endoscopic approach. In an attempt to resolve this issue, numerous
prospective randomized trials have been reported comparing both techniques in terms of
safety, efficacy, perioperative morbidity, relative costs and the return to preoperative func-
tional status with variable results. One of the latest studies regarding this matter, was a
systematic review performed in 2007 by Sholten et al, published by the Cochrane Collaboration
that compared both techniques, reporting equal outcome scores by three months and with
rates of complications similar in most studies, concluding there is no strong evidence to
support the need for conversion from open techniques to endoscopic or more limited techni-
ques. In addition, some other authors like Atroshi and Trumble have similar conclusions,
reporting that both techniques appear to be safe and effective methods of treating carpal tunnel
syndrome with no clear long-term differences in outcomes measures to support one method
as clearly superior to the other. The decision as to which procedure is most appropriate,
therefore, remains a matter of choice for surgeons and patients [18,19].

Other approaches like neurolysis of median nerve have been studied. Mackinnon found that
it is not beneficial, with recurrence of symptoms because of internal wound healing. It would
justbe indicated in patients with thenar atrophy, loss of sensation or the presence of a neuroma.
[20] Likewise, synovectomy is just indicated in cases of severe thenosynovytis resulting from
rheumatoid arthritis, amyloidosis or renal failure. [21]
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6.6.3. Complications

Some of the complications reported can be complex regional pain syndrome, scar pain, pillar
pain, infection, injury to the palmar cutaneous branch or to the motor branch of the median
nerve, vascular or tendon injury, and recurrence reported in 1% or less of the patients.

7. Ulnar nerve

7.1. Anatomy

The ulnar nerve contains fibers from C8 and T1 and is the largest terminal branch of the medjial
cord of the brachial plexus. The nerve enters the arm with the axillary artery and courses
medially to the brachial artery before piercing the intermuscular septum approaching the
elbow. It then travels along the border of the medial head of the triceps and enters the
postcondylar groove lateral to the medial epicondyle [22]. At the elbow, the ulnar nerve enters
the forearm between the medial epicondyle and the olecranon through the cubital tunnel. The
roof of the cubital tunnel is a fibrous aponeurosis that thickens to form the cubital tunnel
retinaculum or arcuate ligament of Osborne. This retinaculum connects the tendinous origin
of the humeral and ulnar heads of the flexor carpi ulnaris, giving off branches to the elbow
joint [23] (Figure 4).

Branches to pronator
teres m.
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flexor digitorium
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M Flexor digitorium
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Figure 4. Ulnar nerve anatomy at the elbow.
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Exiting the tunnel, the ulnar nerve pierces the flexor pronator aponeurosis, innervating the
flexor digitorum muscles before entering Guyon'’s canal at the wrist. The terminal branches of
the ulnar nerve supply motor innervation to the adductor pollicis, the flexor pollicis brevis,
the hypothenar muscles, the third and fourth lumbricalis, and all of the interosseous muscles.
The sensory distribution of the nerve includes the palmar and dorsal medial aspects of the
hand, often including half of the ring finger (Figure 5).

7.2. Ulnar nerve entrapment

The ulnar nerve, like the median nerve, is susceptible to compression neuropathies at proximal
and distal levels. Proximally, the most common site of compression is the cubital tunnel as the
ulnar nerve enters the forearm between the medial epicondyle and the olecranon. Other
potential sites of compression at the elbow, are between the humeral and ulnar heads of the
flexor carpi ulnaris muscle and 3cm distal to the cubital tunnel, when the ulnar nerve pierces
the flexor pronator aponeurosis. Distally, the ulnar nerve can be compressed at the Guyon'’s
canal at the wrist. Each one of these sites of compression present with different signs and
symptoms which will be described next.

7.3. Cubital tunnel syndrome (Ulnar nerve compression at the elbow)

7.3.1. Etiology

The majority of cases occur spontaneously with no documented history of trauma, caused by
adhesions that prevent the nerve’s gliding with elbow flexion, stretching the nerve behind the
epicondyle that impairs nerve conduction. Other causes include direct pressure either by
tumors, external swelling-synovium, lipomas or osteophytes, subluxation over the medial
epicondyle or just by inadequate space in the cubital tunnel and over the potential sites of
compression mentioned above [24].

7.3.2. Diagnosis

The patient may present both motor and sensory disturbances, including pain at the medial
portion of the proximal third of the forearm, parestesias or anesthesia of palmar and dorsal
surfaces of the ring and small fingers, and ulnar innervated intrinsic muscles weakness, which
can present atrophy in late stages. During physical exam, the acute flexion of the elbow for 30
seconds usually accentuates the sensory symptoms and also may cause tingling in the little
and ring finger, promptly relieved by extending the elbow. A positive Tinel's sign at the
posterior elbow will be referred to the small finger.

We may also find a positive Froment’s sign and a positive Wartenburg’s sign (Figure 6).
Froment’s sign tests for the action of adductor pollicis, which is weak with an ulnar nerve
compression. A patient is asked to hold an object, usually a flat object such as a piece of paper,
between their thumb and index finger. The examines then attempts to pull the object out of
the patient’s hands. A normal individual will be able to maintain a hold on the object without
difficulty. With ulnar nerve palsy, the patient will experience difficulty maintaining a hold and



Compression Neuropathies
http://dx.doi.org/10.5772/55316

will compensate by flexing the flexor pollicis longus of the thumb to maintain grip pressure.
Clinically, this compensation manifests as flexion of the interphalangeal joint of the thumb.

VOLAR
INTER2SSLOUS

BRANCH OF ANTTRIOR
INTERDOSSLOUS TO

EXTERMAL BRANGCEH WRIST JOINT

OF RADIAL

BUPERAFICIAL BAANCH
OF ULNAR

DEEF BRANMCH

OF ULNAR

ERVE TO PALMA-
RIS BREVIS

DEEP BRANCH
OF ULNAR

TERMINATION OF
ULNAR 1IN THUMB
MUSCLES

KERVE TO THIND
AND FOURTH
LUMBRICALE

DIGITAL COL”
LATERAL
BRANCHES

Figure 5. Ulnar nerve anatomy in the hand.
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Simultaneous hyperextension of the thumb metacarpophalangeal joint is indicative of ulnar
nerve compromise.

Figure 6. Positive Froment's sign.

On the other hand we have Wartenburg’s sign. The patient is placed with wrist in neutral
position and forearm fully pronated and instructed to perform full extension of all the fingers.
Once digits are extended, patient is asked to fully abduct all fingers and then adduct all fingers.
A positive signs is indicated with the observation of abduction of the 5* digit, with inability
to adduct the 5 finger when extended. The inability to perform adducted digital extension is
due to weakness in ulnar innervated intrinsic muscles.

Electromyography and nerve conduction may reveal a drop in speed conduction or alterations
in the sensitive latency, but these studies may be normal, specially in postural conditions,
requiring complementary studies like X-rays or an MRI if a space occupying lesion is suspected
or if there is a conduction block with established compression but the site is not clear.
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7.3.3. Treatment

It is divided in non-operative and operative options. The non-operative treatment is advised
in patients with mainly postural symptoms by avoiding flexing the elbow or leaning on the
inner side of the elbow, and by splinting the elbow at 45° extension at night, changing the
patient’s sleeping posture. One may consider surgery in more advanced stages, if the patient
refers numbness or weakness in the hand, which may represent axonal demyelination and
muscle atrophy.

Surgical management of the ulnar nerve entrapment at the elbow is determined by the patient’s
preoperative symptoms and intraoperative findings. It includes transposition of the nerve
anterior to the axis of rotation of the elbow so that elbow flexion relaxes rather than stretches
the nerve. Commonly performed procedures include simple decompression by unroofing the
cubital tunnel, anterior subcutaneous transposition, intramuscular transposition, submuscular
transposition, and medial epicondylectomy.

In selected cases, simple decompression of the cubital tunnel and the anterior subcutaneous
transposition may be effective, but the ulnar nerve may be more susceptible to trauma injuries
as it becomes more superficial. The submuscular anterior transposition is the best operation
for cubital tunnel syndrome when an adequate distal mobilization is performed. Other options
include a percutaneous and endoscopic release being both technically possible but not
generally recommended because of poor results and a high incidence of recurrence [25].

7.3.4. Complications

Complications are rare but they include haematoma, infection, neuroma, damage to medial
cutaneous nerve of forearm and devascularization of the ulnar nerve, which is the worst of the
complications.

7.4. Ulnar nerve compression at the wrist

7.4.1. Guyon'’s canal

At the wrist, the ulnar nerve and artery enter Guyon'’s canal, which is a fibro-osseous tunnel
formed between the pisiform and hamate hook. The floor of the canal is formed by the
pisohamate ligamento and the flexor retinaculum, and the roof is the palmaris brevis and the
superficial volar carpal ligament (continuation of distal forearm fascia).

Within Guyon'’s canal, the ulnar nerve bifurcates into superficial and deep branches giving off
sensory and motor branches, which innervate intrinsic muscles of the hand previously
described in this chapter (Figure 7).

7.4.2. Zones of nerve

As the ulnar nerve enters the wrist through Guyon'’s canal, it is divided in 3 zones:

i Proximal to bifurcation of nerve into deep and superficial branches.
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ii. Around deep motor branch.

iii. Around superficial sensory branch.

7.4.3. Etiology

The most common cause of Guyon’s canal entrapment is a carpal ganglion. The next most
common etiology is repeated trauma to the hypothenar area usually related to occupation.
Finally, other less frequent causes include osteophytes from pisotriquetral joint, fracture of the
hook of hamate, and pseudoaneurysms of the ulnar artery.

7.4.4. Diagnosis

The patient will present with some similar symptoms as in the cubital tunnel syndrome, with
some specific differences. In low ulnar neuropathy, the symptoms will not be related to
position of the elbow. Also, the sensation at the dorsal aspect of the ulnar border will be
preserved, as the dorsal sensory branch of the ulnar nerve has taken off 5 to 10cm proximal to
Guyon’s canal. The function of flexor carpi ulnaris and flexor digitorium profundus muscles
will be preserved. The motor affection will be exclusive of the intrinsic muscles of the hand,
which can be measured with lateral pinch between thumb and side of index finger.

The diagnosis is mainly clinic but some other studies may be needed in order to complete our
investigation. X-rays are necessary to evaluate the integrity of the osseous components of the
canal, ultrasound if we suspect of a ganglion, arteriogram if ulnar artery aneurysm is suspect-
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Figure 7. Guyon's canal anatomy.
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ed, MRI if precise location of tumours needs to be addressed, and finally electromyography
and nerve conduction to confirm the level of conduction block.

7.4.5. Treatment

It consists in surgical decompression of the canal with special care to avoid injury to the dorsal
division, which does not pass through the canal. The safest way to decompress the canal is
finding the nerve proximal to pisiform and tracing the branches of the nerve distally, progres-
sively unroofing the canal. Once it is open we must treat any pathology we identify like a
ganglion or a pseudoanerysm.

8. Radial nerve

8.1. Anatomy

The radial nerve receives innervation form C5-C8 and T1 roots, being the terminal branch of the
posterior cord. Itenters thearm behind the brachial artery, medial to the humerus and anterior to
thelong head of the triceps muscle running through the radial groove at the humerus, giving off
branchesforbothheadsofthetricepsmuscle.ltdescendsdistallyalongtheborderofthebrachialis
muscle and approximately 2cm distal to the elbow, the radial nerve divides into the posterior
interosseousnerveand thesuperficial sensory divisions. The posteriorinterosseousnerve passes
beneath the fibrous proximalmargin of the supinator muscle, known as the arcade of Frohse, and
bifurcates to innervate the extensor carpi ulnaris muscle and the digital extensor muscles. The
radial nerve does notinnervate any hand muscle [26] (Figure 8).

Radial Merve

Posterior Interossecms
Division

Arcade of Frohse

Superficial Senrory
Dhwislon

Figure 8. Radial nerve anatomy showing its divisions at the forearm.
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8.2. Radial nerve entrapment

Lister et al, in 1979, suggested 4 possible sites of radial nerve compression: the fibrous bands
anterior to the radial head, the “radial recurrent fan” of vessels described by Henry, the
tendinous margin of the extensor carpi radialis brevis, and the arcade of Frohse. A fifth site of
possible compression of this nerve is at the radial tunnel, which represents the fascia at the
superficial portion of the supinator muscle that may compress the deep branch of the radial
nerve. Nevertheless, the compression of the posterior interosseous branch is the most impor-
tant entity in this matter (Figure 9).

Posterior interosseous nerve

Supinator

Figure 9. Posterior interosseous branch and its relation with the supinator muscle.

8.3. Proximal radial nerve compression

8.3.1. Etiology

There are many possible causes of proximal radial nerve compression, being the most common
by direct pressure in the axilla, traumatic division, iatrogenic injury or by traction. At the
elbow, it may be caused by a fibrous band from the shaft of the humerus that crosses the nerve
to the lateral epicondyle [27].

8.3.2. Diagnosis

The patient will present with slight weakness of elbow flexion, marked weakness of elbow and
wrist extension, finger elevation, thumb retroposition and numbness over the dorsal aspect of
thumb base. If the compression is at the elbow, the patient will not have disturbance of the
radial wrist extensor muscles as their motor nerves separate from the radial nerve proximal to
the elbow, but the sensory branch will be affected as the motor division to the digital extensor
muscles. Electrophysiologic studies are not diagnostic unless there is significant denervation.
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8.3.3. Treatment

In case of pressure palsy, observation is indicated as most of the symptoms may recover in
hours, several weeks or even months. If the patient only presents with moderate symptoms
limited to the sensory division of the nerve, a trial of systemic steroids and rest of the arm
usually is considered. In severe and progressive cases a surgical decompression may be
indicated with a dorsoradial surgical approach [28].

8.4. Posterior interosseous syndrome

8.4.1. Etiology

Brachial neuritis, fibrous bands anterior to the radial head, fibrous proximal edge of extensor
carpi radialis brevis, arcade of Frohse, distal edge of supinator, lipomas and synovitis from
proximal radioulnar joint or radioocapitellar joint.

8.4.2. Diagnosis

The patient will present with weakness of the hand and wrist often with rapid onset. The wrist
extension is preserved but it will move radialwards because of failure of extensor carpi radialis
brevis and extensor carpi ulnaris. There will be no elevation of the metacarpophalangeal joints
with no retroposition of the thumb. The majority of cases have no sensory disturbance in the
distribution of the superficial branch of the radial nerve. Electrophysiologyc studies are of little
help; the diagnosis is basically from careful and serial evaluations.

8.4.3. Treatment

The management can be divided in operative and non-operative options. Observation is
initially indicated if no space-occupying lesion is suspected up to 12 months. It is accompanied
by splinting of the wrist in extension or by the use of a dynamic extension splint. Severe or
progressive cases need surgical decompression, which has little risk, very low morbidity, and
is typically followed by prompt relief from the pain. The surgery consists in a total external
neurolysis of the nerve, starting 2cm distal to the elbow crease carried through the subcuta-
neous tissues distally.

8.5. Wartenburg's syndrome

8.5.1. Etiology

This syndrome originates from compression of superficial radial nerve as it emerges from
beneath brachioradialis muscle to reach the subcutaneous plane over the radial border of the
distal forearm. At the point of exit from beneath the muscle, a compression of the nerve can
develop. It does not develop spontaneously, but is an infrequent complication of trauma to
the midforearm.
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8.5.2. Diagnosis

The patient will present local pain and sensory disturbance to the dorsal-lateral skin of the
hand, with tingling over back of thumb base, with a positive Tinel’s sign at the point of exit of
the nerve from beneath the braquiradialis muscle. As this muscle is a supinator muscle pain
is accentuated by attempting this motion while the forearm is passively pronated. Electrophi-
siologic tests reveal reduced conductions and are generally not necessary for diagnosis.

8.5.3. Treatment

Surgical decompression using a dorsoradial approach. The superficial radial nerve is identified
and released at it emerges beneath the brachioradialis tendon. The prognosis is excellent.

9. Conclusion

Compression neuropathies are one of the most prevalent disorders of the peripheral nervous
system with an increasing incidence over the past decades. Recent studies have helped clarify
the diagnosis and treatment for many of these neuropathies, facilitating a prompt recognition
of the signs and symptoms, achieving an accurate diagnosis and a prompt treatment before
the establishment of complications. The ability to recognize nerve entrapment syndromes and
to distinguish them from other diseases of peripheral nerves, are important clinical skills.
Although electrophysiological assessments are important in the diagnosis of neuropathies, our
clinical skills remain the most reliable tool to identifying them and start an accurate treatment
protocol. It is always important to begin with a non-operative strategy in patients with mild
symptoms, nevertheless, surgical decompression is the definitive treatment of choice for most
of the compression neuropathies, thatis why itis important to know all the surgical alternatives
and know the surgical anatomy for each upper extremity nerve.
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Chapter 5

Postural Balance and Peripheral Neuropathy

Kathrine Jauregui-Renaud

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55344

1. Introduction

1.1. Control of posture

Postural control can be defined as the control of the body’s position in space for the purposes
of balance and orientation [1]. A definition of balance is the ability to maintain or return the
body's centre of gravity within the limits of stability that are determined by the base of support
(i.e., the area of the feet) [2]; while spatial orientation defines our natural ability to maintain
our body orientation in relation to the surrounding environment, in static and dynamic
conditions.

Maintaining balance encompasses the acts of preserving, achieving or restoring the body centre
of mass relative to the limits of stability that are given by the base of support [3], which implies
the control of posture in preventing falling. Then, in order to modify motor responses on the
basis of sensory input, the appropriate responses to any external or internal perturbation have
to be chosen [4]. Nevertheless, to maintain stability, all movements that affect the static and
dynamic position of the center of mass of the body must be preceded or accompanied by
adjustments of other segments.

During upright stance, balance corrections appear to be triggered by signals presumably
located within the lower trunk or pelvis [5], and sensory feedback is required from vestibular,
visual and somatosensory origin. A bipedal stance position that provides good stability is
maintained mainly by efferent ankle mechanisms; to minimize the effect of perturbations when
segmental oscillation is allowed, hip mechanisms are used. Locations of the centre of gravity
at the borders of the limits of stability correspond to the region where balance cannot be
maintained without moving the feet [6].

In order to orient the body, while keeping balance, visual, vestibular and somatosensory
modalities are also involved. Every directed activity implies that the body was previously

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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oriented [7]. Although, any part of the body surface can influence the control and perception
of body orientation [8], evidence suggest that the representation of the body's static and
dynamic geometry may be largely based on muscle proprioceptive inputs that continuously
inform the central nervous system about the position of each part of the body in relation to the
others [9-11]. The muscle innervation patterns necessary to produce particular body relative
movements depend on body orientation to gravity [12]. To oppose the acceleration of gravity,
there are contact forces of support on the body surface, the otolith organs provide information
about head orientation with respect to the gravitoinertial force. If the head or both the head
and the trunk are aligned with the vertical, the gravitational or egocentric reference associated
with vertical gravity provide a strong spatial invariant used to control balance [13].

The attentional demands of postural control vary according to the postural task [14], the
age of individuals and their balance abilities [15-17]. Teasdale et al. (1993) [18], examined
the extent to which reduction in available sensory inputs may increase the attentional
demands of postural control in healthy aduls; both young and old adults showed delays
in reaction time as the postural task complexity increased, with an increase on attentional
demands when sensory inputs were reduced. Studies using dual task paradigms to examine
attention requirements of balance control when performing a secondary task, in both healthy
and older adults with balance impairment, suggest that these are important contributions
to instability, depending on the complexity of the task as well as the type of the second
task being performed [15,17].

2. Afferent contributions to control posture

The maintenance of bipedal stance is characterized by continuous, small deviations around
the actual upright. Depending on sensory context and neuromuscular constraints, the nervous
system can adjust the relative afferent contributions to maintain stability. Evidence supports
that, as we move about a changing environment, the nervous system continually integrates
multisensory information, with the need for continual online updating of estimates of the
centre of mass [19].

Balance corrections imply the interaction among several sensory inputs. Somatosensory
systems respond early to motion and muscle stretch at the ankle, knee and trunk, as does the
vestibular system, which senses head accelerations [20]. Visual inputs mainly influence later
stabilizing reactions to the initial balance corrections [20-21]. Each sensory modality makes a
unique contribution to control posture. However, the information sent by discrete receptors
is not as relevant as the integrated information sent by receptors distributed throughout the
body. Descending postural commands are multivariate in nature, and the motion at each joint
is affected uniquely by input from multiple sensors. In different sensory environments, the
nervous system is able to re-weight its available afferents in order to optimize stance control.
For example, with increasing stance width, lateral body motion is detected more easily by
proprioceptors and less readily by vision or the vestibular system [22].
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Allum et al. have suggested that a confluence of knee, trunk and vestibulo-spinal inputs
triggers human balance corrections depending on the mode of movement the body is forced
into by a perturbation, and on the differential weighting of proprioceptive and vestibulo-spinal
inputs in the triggered muscle’s balance correcting response [5]. A combined deficit of
vestibular and somatosensory input may preclude adjustments to postural control [23].

Normal postural coordination of the trunk and legs also requires both somatosensory and
visual information [24]; older adults may be less stable under conditions in which peripheral
vision is occluded and ankle somatosensation is limited, only remaining foveal vision and
vestibular input [25]. However, evidence suggest different selection of sensory orientation
references depending on the personal experience of the subjects, leading to a more or less heavy
dependence on vision [26].

2.1. Somatosensory systems

When healthy subjects stand on a solid base of support, in a lightened environment, they rely
on their somatosensory systems, the proprioceptive and the tactile systems. For this purpose,
the proprioceptive system provides information on joint angles, changes in joint angles, joint
position and muscle length and tension; while the tactile system is associated mainly with
sensations of touch, pressure and vibration. In children, studies on the development of sensory
organization to control posture according to each sensory component in relation to age
suggests that the proprioceptive function seems to mature at 3 to 4 years of age [27].

During upright stance, somatosensory information from the legs may be utilized for both,
direct sensory feedback and use of prior experience in scaling the magnitude of automatic
postural responses [28]. Reduced somatosensory information from the lower limbs alters the
ability to trigger postural responses and to scale the magnitude of these responses [29-31]. Even
if the input from skin, pressure and joint receptors of the foot may be of minor importance for
the compensation of rapid displacements, it may play a major role at low frequencies [32].

In patients with diabetic neuropathy, sensory conduction in the lower legs results in the late
onset of an otherwise intact, centrally programmed response; along with this finding, a
different relationship between the severity of the neuropathy and the quality of amplitude and
velocity scaling suggests that the role of this peripheral sensory information may differ
depending both, on the postural control task and on the quality of the sensory information
available [28].

The foot sole and ankle muscle inputs contribute jointly to posture regulation [33]. Foot sole
sensation is an important component of the balance system [34]. Cutaneous afferent messages
from the main supporting zones of the feet may have sufficient spatial relevance to induce
adapted regulative postural responses [35]. After perceptual training for hardness discrimi-
nation of the support surface, the ability of healthy subjects to regulate their standing posture
may improve with improvement of the perceptive ability of the soles [36].

In healthy subjects, increased severity of experimentally induced loss of plantar cutaneous
sensitivity may be associated with greater postural sway; such an association could be affected
by the availability of visual input and the size of the support surface [37]. Additionally, sub-
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threshold mechanical noise may enhance the detection of pressure changes on the sole of the
feet [38].

Clinical studies have shown that patients with large-fibre neuropathy do not show abnormal
body sway during stance [39-40]. Studies in patients with Charcot-Marie-Tooth type 1A
disease suggest that functional integrity of the largest afferent fibres may not be necessary for
appropriate equilibrium control during quiet stance [39]; also, in this group of patients,
postural instability correlates significantly with decreased vibration [41].

Contact of the index finger with a stationary surface can greatly attenuate postural instability
during upright stance, even when the level of force applied is far below that necessary to
provide mechanical support [42]. In healthy subjects, standing in the dark, spatial information
about body posture derived from fingertip contact with a stationary surface greatly improves
stability [42]. However, haptic information about postural sway derived from contact with
other parts of the body can also increase stability [43].

2.2. Visual system

Visual influence on postural control results from a complex synergy that receives multimodal
inputs, and may have similar effects on the leg and trunk segments [44]. In order to stabilize
the head in space, visual information of the environment must be definite [45]. Healthy subjects
show decreased stability in the dark [46], and to compensate for large postural instabilities,
visual information is required.

In infants, a cephalo-caudal developmental gradient may be observed as children develope
from 3 to 14 months of age, while a wide variety of response patterns may be seen in the 3- to
5-month-olds, indicating that postural responses are not functional prior to experience with
stabilizing the center of mass [47]. In children, the peripheral visual contribution to dynamic
balance control increase from 3 to 6 years of age, with a maximum in 6-year-old children.; then
it decreases in the 7-year-old children and increase again from 8-9 years of age to adulthood
[48]. Evidence on the development of sensory organization to control posture, according to
each sensory component, in relation to age suggests that the visual afferent system reach adult
level at 15 to 16 years of age [27].

Epidemiological studies have shown that visual impairment is strongly associated with falls
in the elderly [49-50]. Among older adults with glaucoma, greater visual field loss or thinner
retinal nerve fiber layer thickness is associated with reduced postural stability [51]. These
findings could be explained by several factors, including poor visual acuity, reduced visual
field, impaired contrast sensitivity, and the presence of cataract [49, 52]. However, the role of
vision in posture control may be evident even in subjects between 40 and 60 years old [53].

Visual inputs distinguish between translation and rotation of the head. Static visual cues may
slowly control re-orientation or displacement, whereas dynamic visual cues may contribute
to fast stabilization of the body [54]. Optical motions, like those produced when an observer
moves through an environment, have an effect on postural stability [55}. However, flow
structure apparently interacts with the exposed retinal area in controlling stance [56].
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2.3. Vestibular system
Vestibular inputs tonically activate the anti-gravity leg muscles during normal standing

During dynamic tasks, vestibular information contributes to head stabilization to enable
successful gaze control [57] and, during active tasks, it provides a stable reference frame from
which to generate postural responses [13]. In children, evidence on the development of sensory
organization to control posture, according to each sensory component in relation to age
suggests that the vestibular afferent system reach adult level at 15 to 16 years of age [27].

Since loss of vestibular information may lead to deficits in trunk control but had less effect on
the legs, vestibulo-spinal control may act primarily to stabilize the trunk in space and to
facilitate intersegmental dynamics [58]. Vestibular influences are earlier for the sagittal plane
and are directed to leg muscles, whereas roll control, in the frontal plane, is later and focused
on trunk muscles [59]. Vestibular reflexes and perceptual signals appear to have a specific role
in the maintenance of upright stance, under conditions in which other sources of postural
information are attenuated or absent [60].

Patients with chronic unilateral peripheral loss may vary widely in the amount they could use
their remaining vestibular function and show an increased reliance on proprioceptive infor-
mation [61]. In patients with bilateral loss of vestibular function, postural compensation
depends upon the ability to increase reliance on the remaining sensory systems for postural
orientation [62]. During visually induced sway, patients with loss of vestibular function may
not utilize somatosensory cues to a greater extent than normal subjects; that is, changes in
somatosensory system gain may not be used to compensate for their vestibular deficit [63}.
However, precision contact of the index finger at mechanically non-supportive force levels
may serve as a substitute in subjects with vestibular loss, when they are attempting to maintain
quiet stance [64].

3. Motor contribution to control posture

According to the review by Massion (1984) [65], posture is built up by the sum of several basic
mechanisms. First the tone of the muscles gives them a rigidity that helps to maintain the joints
in a defined position; the postural tone is added to this basic tonus, mainly in the extensor
muscles. Postural fixation maintains the position of one or several joints against an internal
force (eg. body weight), by co-contraction of the antagonistic muscles around the joints.
Coordination between movement and posture is observed with the voluntary movements of
body segments. Postural adjustments accompanying voluntary movements show three main
characteristics [65]: they are anticipatory with respect to movement, they are adaptable to the
condition in which the movement is executed and they are influenced by instructions given to
the subjects concerning the task to be performed

During upright stance, compensatory torques must be generated to oppose the destabiliz-
ing torque due to gravity. Then, spontaneous sway is generated by the continuous body
deviations countered by corrective torques. During movement of one segment of the body,
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other segments are disturbed, producing instability. Thus the precise movement of distal
segments can be realized only by stabilizing more proximal segments [66]. Just before a
voluntary movement, the stretch reflex response in agonist muscles is enhanced [67],
consistent with a stabilizing effect. In healthy subjects, axial tone is modulated sensitively
and dynamically, this control originates, at least in part, from tonic lengthening and
shortening reactions, and a similar type of control appears to exist for postural tone in the
proximal muscles of the arm [68].

To preserve balance, postural adjustments are made through flexible synergies, in which
the activity of the participating muscles is set to task-specific conditions [5]. The most rapid
postural reactions are a class of motor activities mediated primarily by inputs derived from
the forces and motions of the feet upon the surface of support [69]; the supporting reactions
and placing reactions (tactile, visual and vestibular) adapt the activity of the postural
muscles of the limbs to their function of body support. Perturbations to balance imply that
the central nervous system select patterns of muscle activation that are appropriate for a
variety of perturbations [70], in agreement with biomechanical constraints such as those
imposed by inter-segmental dynamics and musculoskeletal geometry [71]. A confluence of
proprioceptive and vestibular modulation to the basic centrally initiated template of activity
may establish the amplitude pattern of the muscle response synergy [70, 72-73]. The
confluence of sensory inputs presumably permits the proprioceptive and vestibular inputs
to reinforce each other righting effects, and prevent to fall.

It has been suggested that postural adjustments can be described as a single feedback control
scheme, with scalable heterogenic gains that are adjusted according to biomechanical
constraints [74]. In addition, muscle weakness and muscle fatigue have to be considered.
Clinical evidence have shown that patients with polyneuropathy who have ankle weak-
ness are more likely to experience multiple and injurious falls than are those without specific
muscle weakness [75]. Also, an altered posture, which is common in patients with muscle
weakness, may interfere with the position of the centre of mass, and there by also cause
balance problems [76].

In healthy subjects, inducing localized muscle fatigue at various musculatures has been
shown to adversely affect postural control. Plantar-flexor muscle fatigue may impair the
effectiveness of postural control and increase the amount of postural regulatory activity
required to control unperturbed bipedal posture when the quality of the postural support
surface information is altered (by standing on a foam support surface) to a greater extent
than when it is not [77]. In healthy subjects who perform fatiguing exercises, acute effects
of fatigue may differ between joints, with the most substantial effects evident at the lower
back, followed by the ankle and recovery of postural control [78]. Also, during quiet
standing, fatigue of trunk muscles may increase reliance on somatosensory inputs from the
foot soles and ankles for controlling posture [79], while lumbar fatigue impairs the ability
to sense a change in lumbar position [80].
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4. Clinical assessment of balance

In order to assess instability or walking difficulty, it is essential to identify the affected
movements and circumstances in which they occur (i.e. uneven surfaces, environmental light,
activity) as well as any other associated clinical manifestation that could be related to balance,
postural control, motor control, muscular force, movement limitations or sensory deficiency.

The clinical evaluation should include a detailed assessment of long tracts, cranial nerves,
motor control, motor strength, the eyes and the ears. To evaluate the vestibular system and its
relationships with other sensory inputs and the oculo-motor system, specific tests have to be
performed, including eye movement recordings and vestibular reflexes.

Standardized scales and questionnaires may be helpful to evaluate and to follow-up deficits
that may be evident on daily life activities (e.i. Berg’s Balance Scale [81]; Tinetti scale [82];
balance symptoms questionnaire by Jauregui-Renaud et al.[83]), as well as falls [84]. Some
clinical test include the “Get up and go test” [85], the five-step test and the Functional Reach
[86], the Mobility Fall Chart [87] and the evidence based risk assessment tool [88], among
others. However, before choosing a tool the clinician should consider the purpose of its design
and the purpose for which the tool is to be applied, as well as its reliability.

To evaluate balance, a neurological examination should be performed, including an examina-
tion of motor and sensory function; care should be taken to assess static and dynamic postural
control and gait, as well as to identify visual and vestibular disorders. During static upright
stance, itis important to observe the width of the stance, the symmetry of the stance, the balance
at the level of the joints as well as the trunk posture, while changing the sensory conditions
(i.e. visual input and the surface of support). The sensory conditions may include at least:
standing with the eyes open and closed, on a hard and a compliant surface, standing with the
feet together and balancing on the two legs. To clinically asses the response to simple pertur-
bations, the clinician may observe the reaction to push gently the patient while standing.

To measure balance, different aspects may be analysed: electric potentials due to muscle
activation, kinematics that is concerned with movement itself and kinetics, concerned with the
forces and the moments of forces that are developed during movements. To record kinetics,
force platforms are used. The centre of pressure is recorded over a period of time, while
standing on the force platform (wearing a safety harness) under different sensory conditions.
Several moving force platforms have been designed in order to create dynamic conditions,
while maintaining a constant angle between the foot and lower leg and moving the visual
enclosure of the platform, which can be coupled to the body sway. Regardless of the technique
of measurement used, to interpret any recording of body sway, several factors have to be
considered, including the fact that body sway increase with age, with an increased dependence
on vision [53, 89-90], and may be affected by body weight and gender [90-91]. In patients with
polyneuropathy, special care should be taken in considering adaptive compensation to
changes in biomechanical factors as well as sensory deficits.

To evaluate gait, a sensory-motor evaluation should be performed, as well as a postural and
skeletal examination [92]. To asses walking it is necessary to analyse the initiation, the stepping,
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the termination and the associated movements. During stepping, it is important to evaluate at
least the speed of walking, the thythm and the length of each stride.

The analysis of gait may include measurements of joint kinematics and kinetics, other meas-
urements include electromyography, oxygen consumption and foot pressures. Using electro-
myography, specific muscles or muscle groups during movement can be studied. A kinematic
evaluation (e.i. joint angles, stride length, walking velocity) may be performed by optoelectric
methods as well as by tracking the position of the body segments using light-emitting markers.
Power is a kinetic variable, to assess the rate of work performed at a given joint [93], which
allows to identify when the muscle is generating or absorbing mechanical energy (concentric
or eccentric contraction).

5. Balance in patients with peripheral neuropathy

Patients with polyneuropathy, which reduces sensation and often strength in the lower
extremities, may have decreased stability while standing and when subjected to dynamic
balance conditions [28, 94-97]. In patients with severe peripheral neuropathy of unknown
origin, compared to healthy age and sex matched controls, visual and vestibular input cannot
fully compensate for the impairment in proprioception, with progressive deterioration of
balance [31].

The ability to re-weight sensory information depending on the sensory context is important
for maintaining stability, when an individual moves from one sensory context to another, such
as a flat walking surface to an uneven surface or a well-lit sidewalk to a dimly lit garden.
Individuals with peripheral vestibular loss or somatosensory loss from neuropathy are limited
in their ability to re-weight postural sensory dependence [31, 98].

In patients with peripheral neuropathy, including Charcot-Marie-Tooth disease type 1A and
type 2 and diabetic neuropathy, the effects of impaired proprioceptive input in balance control
under static and dynamic conditions [99] showed that, during static conditions, across all
patients, instability increased as a function of the slowing of conduction velocity. In contrast,
during dynamic conditions head displacement was only slightly increased, compared to
healthy subjects, despite the increased delay at which the head followed displacement of the
feet.

Charcot-Marie-Tooth disease is a genetically heterogeneous group of hereditary neuropa-
thies characterized by slowly progressive weakness and atrophy, primarily in the distal leg
muscles. The clinical disability has been shown to best correlate with the degree of axonal
loss [100]. However, evidence suggest that functional integrity of the largest afferent fibres
is not necessary for appropriate equilibrium control during quiet stance, and unsteadi-
ness is related to additional functional alterations in smaller fibres, most likely group II
spindle afferent fibres [39].

In adult patients with Charcot-Marie-Tooth type 1A, the decline in axonal function and in
muscle strength may reflect, to a considerable extent, a process of normal ageing, and
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physical disability in adulthood may well be explained by decreased reserves and compen-
satory mechanisms together with progression of skeletal deformations due to muscle
weakness [101]. On the other hand, during static conditions, patients with Charcot-Marie-
Tooth type 2 may show less postural stability than patients with Charcot-Marie-Tooth type
1A disease, but similar than the postural stability shown by diabetic patients with periph-
eral neuropathy [99]; while in patients with diabetic peripheral neuropathy, unsteadiness
relates to alterations in medium-size myelinated afferent fibres, possibly originating from
spindle secondary terminations [40].

A frequent source of polyneuropathy is diabetes mellitus. Diabetic peripheral neuropathy is
initially characterized by a reduction in somesthesic sensitivity due to the sensitive nerve
damage, and with progression motor nerves are damaged. During upright stance, compared
to healthy subjects, recordings of the centre of pressure in patients with diabetic neuropathty
have shown larger sway [95-96, 102], as well as increased oscillation at 0.5-1 Hz [103]. However,
in this group of patients, in addition to postural instability caused by neuropathy, balance
deterioration may also result from the bio-mechanical impairment caused by progression of
foot complications [104], as well as from the compromise of other sensory inputs such as vision
[105-106]. Compared to healthy subjects, diabetic patients may have poorer balance during
standing in diminished light compared to full light and no light conditions [105].

Balance and gait difficulties are the most frequently cited cause of falling in all age and gender
groups [107] A fall is often defined as inadvertently coming to rest on the ground, floor or
other lower level, excluding intentional change in position to rest in furniture, wall or other
objects [108]. Cavanagh et al. (1992) [109] have shown that, compared to patients with diabetes
but no peripheral neuropathy, patients with diabetic peripheral neuropathy are more likely to
report an injury during walking or standing, which may be more frequent when walking on
irregular surfaces [110].

Epidemiological surveys have established that a reduction of leg proprioception is a risk factor
for falls in the elderly [111-112]. Symptoms and signs of peripheral neuropathy are frequently
found during physical examination of older subjects. These clinical manifestations may be
related to diabetes mellitus, alcoholism, nutritional deficiencies, autoimmune diseases, among
other causes. In this group of patients, loss of plantar sensation may be an important contrib-
utor to the dynamic balance deficits and increased risk of falls [34, 109].

Falls occur as a result of complex interactions among demographic, physical and behavioural
factors. Risk factors may be intrinsic or extrinsic: intrinsic factors include demographic and
biological factors, while extrinsic factors encompass environmental and behavioural factors
[108]. Among other risk factors, the occurrence of falls may be significantly associated with
lower extremity weakness, which can be measured by knee extension, ankle dorsiflexion, and
chair stands [113], visual acuity of less than 6/12 [114], lower extremity impairments [108-109]
and poly-pharmacy [115-116].

Apart from sensorymotor compromise, fear of falling may relate to restriction and avoidance
of activities, which results in loss of strength especially in the lower extremities, and may also
be predictive for future falls [117-119].
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6. Interventions to improve balance in patients with peripheral neuropathy

Richardson et al. (2004) [120], in patients with various forms of peripheral neuropathy,
found that the use of a cane, ankle orthoses or touching a wall improved spatial and
temporal measures of gait regularity while walking under challenging conditions. Evi-
dence support that, additional hand contact of external objects may reduce postural
instability caused by a deficiency of one or more senses. Contact with support of varying
stability may reduce the destabilizing effect of a moving visual scene [121]. In patients with
moderate to severe diabetic neuropathy, mechanical noise stimulation may improve
vibration and tactile perception [122].

To improve stability in patients with decreased somatosensation, footwear may represent a
modifiable factor. The efficacy of certain types of stabilizing reactions may be improved
whether incorporating a pressure plantar-based biofeedback system in footwear [123],
vibrating shoe insoles [38], or by mechanical facilitation of sensation from the boundaries of
the plantar surface of the foot [124]. In patients with Charcot-Marie-Tooth, considering
individual sensory and muscular deficits, ankle-foot orthosis prescription, appears relevant
for improving balance and gait performance [125].

Exercise that improves lower-extremity balance and strength (force-generating capacity)
has been shown to be effective in reducing falls in older adults [126]. In patients with
clinically defined sensory ataxia due to bilateral chronic neuropathy compared to pa-
tients with unilateral loss-related to multiple sclerosis, after a rehabilitation program
including foot sensory stimulation, balance and gait training with limited vision, balance
assessed on a static force platform remained similar in the open-eyes condition and
improved in the closed-eyes condition only in patients with unilateral sensory loss, while
dynamic balance improved in the two groups, suggesting that the relative contribution of
proprioceptive and visual inputs may depend on the extent of somatosensory loss [127].

Guidelines for diabetes management recommend that patients perform at least 30 min of
physical activity a day six times a week. Few studies on prevention of diabetic neuropathy
through exercise have been reported, even if moderate intensity exercise in patients with type
2 diabetes mellitus has been associated with a decrease in blood glucose [128]. A preliminary
controlled study has shown that a 12 week program of tai chi chuan exercises may improve
peripheral nerve conduction velocities and fasting glucose levels [129].

Studies evaluating treatment strategies that could improve balance in diabetic patients with
polyneuropathy are also scarce. Although, some interventions including leg strengthening
and balance exercises to promote ambulatory physical activity may not decrease fall rates,
but neither they increase them; suggesting that physical activity interventions that increase
activity probably do not increase the risk of falling in patients with diabetic peripheral neu-
ropathy [130]. In this group of patients, specific training may improve gait speed, balance,
muscle strength and joint mobility [131].

To determine the effect of a specific exercise regimen on clinical measures of postural stability
and confidence in a population with peripheral neuropathy, compared to a control group, ten



Postural Balance and Peripheral Neuropathy
http://dx.doi.org/10.5772/55344

patients with diabetic peripheral neuropathy underwent a 3-week intervention to increase
rapidly available distal strength and balance, showing improvement on unipedal stance time,
functional reach, tandem stance time, but the score on the activities-specific balance and
confidence scale [132]. To further increase physical activity and protocol adherence, a super-
vised centre-based exercise program rather than a self-administered program may be recom-
mended [130]. However, there is a need of studies examining the effect of physical training on
the incidence of foot breakdown and fall risk in people with diabetes mellitus and peripheral
neuropathy.

7. Conclusions

Postural control can be defined as the control of the body’s position in space for the purposes
of balance and orientation. Balance is the ability to maintain or return the body's centre of
gravity within the limits of stability that are determined by the base of support. Spatial
orientation defines our natural ability to maintain our body orientation in relation to the
surrounding environment, in static and dynamic conditions.

The representation of the body's static and dynamic geometry may be largely based on
muscle proprioceptive inputs that continuously inform the central nervous system about
the position of each part of the body in relation to the others. Posture is built up by the
sum of several basic mechanisms. First the tone of the muscles gives them a rigidity that
helps to maintain the joints in a defined position; the postural tone is added to this basic
tonus. Postural fixation maintains the position of one or several joints against an internal
force. During movement of one segment of the body, other segments are disturbed,
producing instability. Thus the precise movement of distal segments can be realized only
by stabilizing more proximal segments.

Postural balance is dependent upon integration of signals from the somatosensory, visual and
vestibular systems, to generate motor responses, with cognitive demands that vary according
to the task, the age of the individuals and their ability to balance. Descending postural
commands are multivariate in nature, and the motion at each joint is affected uniquely by input
from multiple sensors.

The proprioceptive system provides information on joint angles, changes in joint angles, joint
position and muscle length and tension; while the tactile system is associated mainly with
sensations of touch, pressure and vibration.

Visual influence on postural control results from a complex synergy that receives multimodal
inputs. Vestibular inputs tonically activate the anti-gravity leg muscles and, during dynamic
tasks, vestibular information contributes to head stabilization to enable successful gaze control,
providing a stable reference frame from which to generate postural responses.

In order to assess instability or walking difficulty, it is essential to identify the affected
movements and circumstances in which they occur (i.e. uneven surfaces, environmental
light, activity) as well as any other associated clinical manifestation that could be related
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to balance, postural control, motor control, muscular force, movement limitations or sensory
deficiency. The clinical evaluation should include neurological examination; special care
should be taken to identify visual and vestibular disorders, and to assess static and dynamic
postural control and gait. Standardized scales and questionnaires may be helpful to evaluate
and to follow-up deficits that may be evident on daily life activities.

The simplest method to record postural sway uses a force plate to measure the feet centre of
pressure on the platform. To modify the somatosensory and visual inputs, moving force
platforms and visual surroundings have been designed. Gait analysis may include the
measurement of joint kinematics and kinetics, electromyography, oxygen consumption and
foot pressures.

Polyneuropathy modify the amount and the quality of the sensorial information that is
necessary for motor control, with increased instability during both, upright stance and gait.

Patients with peripheral neuropathy may have decreased stability while standing and when
subjected to dynamic balance conditions. During upright stance, compared to healthy subjects,
recordings of the centre of pressure in patients with diabetic neuropathy have shown larger
sway, as well as increased oscillation at 0.5-1 Hz.

Balance and gait difficulties are the most frequently cited cause of falling in all age and gender
groups Epidemiological surveys have established that a reduction of leg proprioception is a
risk factor for falls.

Patients with polyneuropathy who have ankle weakness are more likely to experience multiple
and injurious falls than are those without specific muscle weakness.

Elderly patients with diabetic peripheral neuropathy are more likely to report an injury during
walking or standing, which may be more frequent when walking on irregular surfaces. Among
other risk factors, the occurrence of falls may be significantly associated with lower extremity
weakness, which can be measured by knee extension, ankle dorsiflexion, and chair stands,
visual acuity of less than 6/12, lower extremity impairments and poly-pharmacy, among other
factors.

In patients with various forms of peripheral neuropathy, the use of a cane, ankle orthoses or
touching a wall improved spatial and temporal measures of gait regularity while walking
under challenging conditions. Additional hand contact of external objects may reduce postural
instability caused by a deficiency of one or more senses.

Studies evaluating preventive and treatment strategies through excercise that could improve
balance in patients with polyneuropathy are scarce. However, evidence support that physical
activity interventions that increase activity probably do not increase the risk of falling in
patients with diabetic peripheral neuropathy, and in this group of patients, specific training
may improve gait speed, balance, muscle strength and joint mobility.
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Predictive Factors for Postherpetic Neuralgia and Recent
Pharmacotherapies
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Additional information is available at the end of the chapter
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1. Introduction

Postherpetic neuralgia (PHN) is a form of refractory chronic neuralgia that, despite the
importance of prevention, currently lacks any effective prophylaxis. The efficacy of live zoster
vaccine in preventing PHN was recently reported [1]. However, this vaccine appeared to be
of limited use in prophylaxis[2]. PHN has a variety of symptoms and significantly affects
patient quality of life [3-12]. Various studies have statistically analyzed predictive factors for
PHN [13-23], but neither obvious pathogenesis nor established treatment has been clarified
or established. We designed and conducted a study on the premise that statistical identifica-
tion of significant predictors for PHN would contribute to the establishment of an evidence-
based medicine approach to the optimal treatment of PHN. As a result, we reported our
paper “Predictive Factors for Postherpetic Neuralgia Using Ordered Logistic Regression
Analysis” [24].

In this review, we discuss predictors for PHN based on our results, and further review recent
pharmacotherapeutic results.

2. Predictors for PHN

Previous studies have shown that older age, female sex, presence of a prodrome, greater rash
severity, and greater acute pain severity are predictors of increased PHN [14-18, 25]. Some
other potential predictors (ophthalmic localization, presence of anxiety and depression,
presence of allodynia, and serological/virological factors) have also been studied [14, 18]. We
conducted a retrospective study to identify significant predictors of PHN that would

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
I m EC H 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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contribute to the establishment of evidence-based medicine approaches to the optimal
treatment of PHN [24].

The participants were 73 patients with herpes zoster who had been treated at the pain clinic
of our hospital between January 2008 and June 2010. Variables present at the initial visit were
extracted from the clinical records for regression analysis of factors related to the occurrence
of PHN. The following scores for response were used: 0 = no PHN after 3 months; 1 = PHN
present after 3 months, but absent after 6 months; and 2 = PHN present after 6 months.
Multivariate ordered logistic regression analysis was performed to identify predictive factors
for PHN. Table 1 shows the clinical characteristics of patients and various factors that could
be related to the occurrence of PHN. Multivariate ordered logistic regression analysis identi-
fied advanced age and deep pain at the initial visit to our outpatient pain clinic as factors
predicting the occurrence of PHN. diabetes mellitus (DM) and pain reduced by bathing also
showed high odds ratios, but were not significant predictive factors (Table 2). In conclusion,
advanced age and deep pain at first visit were identified as predictive factors for PHN. DM
and pain reduced by bathing should also be considered as potential predictors of PHN [24].
To improve patient safety and the likelihood of achieving satisfactory outcomes, prospective
studies are needed to establish optimal treatments including pharmacotherapy for PHN. Next
section we further review recent pharmacotherapeutic results for PHN.

(0/1) or (0/1/2), median (range)

Demographics

Significant zoster-associated pain 35/13/25
Age 8/46/19, 69 (27-90)
Sex 37/36

Complication

Hypertension 44/29
Angina 69/4
Diabetes mellitus 61/12
Malignant tumor 50/23
Autoimmune disease 68/5
Sleep disorder 36/37
Location

Trigeminal nerves 58/15
Cervical nerves 58/15
Thoracic nerves 42/31
Lumbar nerves 61/12

Sacral nerves 70/3




Predictive Factors for Postherpetic Neuralgia and Recent Pharmacotherapies
http://dx.doi.org/10.5772/55278

(0/1) or (0/1/2), median (range)

Period of onset, type and extent of pain

Period before herpes zoster onset (days) 30 (1-3000)
Log (period before herpes zoster onset) 1.477 (0-3.477)
Prodromal rash 39/34
Prodromal pain 34/39
Allodynia 35/38

VAS (mm) 66 (0-100)
Pain reduced when bathing 41/32

Pain (superficial) 35/38

Pain (deep) 38/35

Pain (continuous) 43/30

Pain (breakthrough) 31/42

Binary scales were: female = 0, male = 1 for sex; and absent = 0, present = 1 for others.

The ordered scale was: absent after 3 months = 0, present = 1, and present after 6 months = 2 for significant zoster-
associated pain; and <50 years = 0, 51-74 years = 1, =275 years = 2 for age.

VAS, visual analog scale

Table 1. Clinical characteristics of 73 patients and various factors that could be related to the occurrence of PHN [24]

Cl of OR
Variable EV SE x? value P OR
Lower 95% Upper 95%
Age 1.008  0.461 4.78 0.0288*  2.740 1.110 6.761
Prodromal pain 0.442 0.532 0.69 0.4059  1.556 0.549 4.413
DM 1123 0.693 2.63 0.1049  3.075 0.791 11.952
Allodynia 0.201  0.630 0.10 0.7489 0.818 0.238 2.808
Pain reduced by bathing 1.221  0.745 2.68 0.1014  3.389 0.787 14.601
Deep pain 1.446 0.682 4.49 0.0341*  4.244 1.114 16.163
Breakthrough pain 0.687 0.598 1.32 0.2506  1.988 0.616 6.418
Sleep disorder 0.146 0514 0.08 0.7757  1.158 0.423 3.169

EV, estimated value; SE, standard error; OR, odds ratio; Cl, confidence interval; DM, diabetes mellitus

*P<0.05

Table 2. Results of multivariate ordered logistic regression analysis for variables extracted by forward selection with
addition of prodromal pain and allodynia [24].
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3. Recent pharmacotherapy for PHN

To date, no clear predictors of treatment response have been identified in patients with
neuropathic pain, including PHN. Various types of drugs have shown consistent efficacy in
randomized clinical trials and meta-analysis [9]. The modes of action and information on
dosing, precautions, and adverse events (AEs) for the different drug classes are summarized
in Table 3 [9]. Numbers needed to treat (NNTs), numbers needed to harm (NNH) [26, 27] and
AE:s for the different drugs are shown in Table 4 [28].

Among systemic therapies, tricyclic antidepressants (TCAs), calcium channel a2-d ligands
(gabapentin and pregabalin), and extended-release formulations of morphine and oxycodone
show good efficacy in patients with PHN. Current guidelines suggest, perhaps to maximize
the benefit-risk ratio, that TCAs should be preferred over opioids, and among TCAs, second-
generation TCAs such as nortriptyline, desipramine, and imipramine are preferred over the
first-generation agent, amitriptyline [29]. Opioids, specifically oxycodone, morphine, metha-
done, and tramadol, are also effective against PHN. However, addiction and regulatory issues,
coupled with the benign adverse event profile of anticonvulsants, make opioids a secondary
choice in PHN [28].

The American Academy of Neurology (AAN; 2004), European Federation of Neurological
Societies (NeuPSIG; 2007), and European Federation of Neurological Societies (EFNS; 2010)
guidelines all recommend TCAs and pregabalin as first-line oral therapies for patients with
PHN [11, 30, 31]. The NeuPSIG and EFNS guidelines also recommend gabapentin as first-line
therapy for PHN. The NeuPSIG and EFNS guidelines state that secondary amine TCAs should
generally be considered instead of the tertiary amine amitriptyline, due to the superior safety
profiles [11, 29, 30].

Japan Society of Pain Clinicians (JSPC; 2011) guidelines recommend TCAs (particularly the
secondary amines), calcium channel a2-0 ligands, and extract of cutaneous tissue of rabbits
inoculated with vaccinia virus (Neurotropin®) as first-line oral therapies [32].

Mode of action Major Adverse- events Starting dose/maximum dose
Precautions Titration
Other benefits Duration of adequate trial
Nortriptyline Inhibition of reuptake Sedation, ant-cholinergic 25 mg at bedtime/150 mg daily
Desipramine of effects (e.g., dry Increase by 25 mg every 3-7 day as
serotonin and/or mouth or urinary tolerated
noradrenaline, retention, weight gain) 6-8 weeks (at least 2 weeks
blockage of Cardiac disease, Maximum tolerated dose)
sodium channels, glaucoma, seizure
anticholinergic disorder, use of
tramadol

Improvement of

depression and
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Mode of action Major Adverse- events
Precautions

Other benefits

Starting dose/maximum dose
Titration

Duration of adequate trial

sleep disturbance

Gabapentin Decreases release of  Sedation, dizziness, peripheral 100-300 mg once to
glutamate, edema three times
noradrenaline, Renal Insufficiency daily/1200 mg three
and substance P, with No clinically significant drug ~ times daily; reduce if
ligands interactions renal function impaired
on a2-6 subunit of Increase by
voltage-gated calcium 100-300 mg three
channel times daily every

1-7 days as
Tolerated
4 weeks
Pregabalin Decreases release of ~ Sedation, dizziness, 50 mg three times daily

glutamate, Peripheral edema

noradrenaline, Renal Insufficiency

and substance P, with No clinically significant drug
ligands on a2-8& interactions,
subunit of voltage-  improvement of sleep
gated calcium disturbance and anxiety

channel

or 75 mg twice
daily/200 mg three
times or 300 mg twice
daily, reduce if

renal function impaired
Increase to 300 mg
daily after

3-7 days, then by

150 mg daily every
3-7 days, as

Tolerated

4 weeks

5% lidocaine

Blockage of sodium  Local erythema,

1-3 patches/3 patches

patch channels Rash None
None 2 weeks
No systemic adverse events
Morphine, p-receptor agonism  Nausea/ 10-15 mg morphine
oxycodone, (oxycodone also vomiting, every 4 h or as needed
methadone, causes constipation, (equianalgesic doses
levorphanol K-receptor dizziness should be used for other opioids)/no

antagonism) History of substance
abuse, suicide risk,
driving impairment
Rapid onset of

analgesic effect

maximum doses
After 1-2 weeks
convert to long-acting
opioids/

transdermal
application, use
short-acting drug
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Mode of action

Major Advers
Precautions

e- events

Other benefits

Starting dose/maximum dose
Titration

Duration of adequate trial

as needed and as
tolerated

4-6 weeks

Recommendations are all grading level A = good scientific evidence suggesting that the benefits of the treatment

substantially outweigh the potential risks.

Table 3. Recommended first-line treatments for patients with PHN [9]

Drug NNT (95%Cl) NNH (95%Cl) Specific/Common Adverse Effects
Amitriptyline 1.6(1.2-2.4) Minor harm: Sedation, dry mouth, tachycardia,
4.2(2.13-81.6) 8(2.5-22) constipation, urinary retention, weight gain,

Major harm: prolonged QT interval
24 (8-36)

Desipramine 1.9(1.3-3.7) Minor harm: 4.8 (2.5-36.7)
Major harm: 13*

Nortriptyline 3.7 (2.4-8) ND

Gabapentin 4.4(3.3-6.1) Minor harm: 4.1 (3.2-5.7) Somnolence, dry mouth, weight gain,
Major harm: 12.3 (7.7-30.2) peripheral edema, ataxia

Pregabalin 49(3.7-7.6) Minor harm: 4.3 (2.8-9.2) Dizziness, somnolence, peripheral edema
Major harm: ND

Oxycodone 2.5(1.7-4.4) Minor harm: 3.6 (2.2-10.2)  Immune suppression, loss of libido,
Major harm: 6.3 (4.2-12.8)  endocrine dysfunction

Morphine- 2.8 (2-4.6) ND

controlled

release or

methadone

Tramadol 4.8 (3.5-6.0) Minor harm: 7.2* Somnolence, constipation, nausea and
Major harm: 10.8* vomiting,

seizures, serotonin syndrome when
combined
with SSRIs and MAO inhibitors

Values for NNTs and NNHs were adapted from Hempenstall et al. [27] and Wu and Raja [26]. NNTs for amitriptyline were
based on studies by Watson et al. [49] and Max et al. [50].

*The 95% confidence interval (Cl) could not be determined by Hempenstall et al. [27] or by Wu and Raja [26].

ND, could not be determined by Hempenstall et al [27]; SSRIs, selective serotonin reuptake inhibitors; MAO, monoamine

oxidase

Table 4. NNT, NNH, and adverse effects of selected drugs for PHN [28]
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3.1. Calcium hannel a2-6 Ligands

Gabapentin and pregabalin suppress the release of excitatory neurotransmitters on binding to
the a2-0 subunit of potential-dependent calcium channels in the central nervous system (CNS).
Both drugs are structurally similar and share similar mechanisms of action, but pregabalin
shows a linear pharmacokinetic profile and strong affinity for the a2-d subunit. Both drugs
have been widely studied in peripheral pain syndromes, although pregabalin has been the
focus of most studies in central neuropathic pain syndromes. Only a few drug interactions
have been reported for both drugs and the agents are well tolerated, but must be used at lower
doses in patients with decreased renal function [9, 32]. The EFNS, AAN, and NeuPSIG
guidelines recommend the calcium channel a2-0 ligands gabapentin and/or pregabalin for the
treatment of PHN [11, 29-31]. In a meta-analysis, NNTs before 1 patient achieves 50% pain
reduction for gabapentin (3 trials, 559 patient episodes) and pregabalin (3 trials, 411 patient
episodes) for a 50% reduction in pain were 4.4 and 4.9, respectively [27, 29] (Table 4). Subse-
quent Cochrane reviews for both drugs calculated NNTs of 7.5 for gabapentin [29, 33] and 3.9
for pregabalin 600 mg [29, 34]. Gabapentin and pregabalin are effective and are the most
commonly prescribed drugs in PHN because of their efficacy and benign AEs profile.

3.1.1. Pregabalin

Pregabalin is a 3-isobutyl derivative of gamma-amino butyric acid (GABA) with anti-convul-
sant, anti-epileptic, anxiolytic, and analgesic activities. Although the exact mechanisms of
action are unclear, pregabalin selectively binds to a2-d subunits of presynaptic voltage-
dependent calcium channels located in the CNS. Binding of pregabalin to a2-d subunits of
presynaptic voltage-dependent calcium channels prevents calcium influx and the subsequent
calcium-dependent release of various neurotransmitters, including glutamate, noradrenaline,
serotonin (5-Hydroxytryptamine: 5-HT), dopamine, and substance P, from the presynaptic
nerve terminals of hyperexcited neurons; synaptic transmission is inhibited and neuronal
excitability is diminished. Pregabalin does not bind directly to GABA-A or GABA-B receptors
and does not alter GABA uptake or degradation [35].

Pregabalin has also been associated with dose-related risks of somnolence (5-14%), dizziness
(7-28%), and peripheral edema (6-16%) [29, 32, 34]. At a higher dose (600 mg/day), pregabalin
has been associated with weight gain (9%), asthenia (9%), dry mouth (6%), and vertigo (5%)
[28, 29, 36]. Discontinuations due to these AEs were <1% in patients treated with pregabalin
at 150 mg/day and 4-15% in patients receiving a 600-mg/day dose. Serious AEs were reported
in 2-5% of patients treated with pregabalin at 150, 300, and 600 mg/day, compared with 3% in
those assigned to receive a placebo [29, 36]. Symptoms including insomnia, nausea, headache,
and diarrhea were reported by some patients following abrupt withdrawal of pregabalin.
Pregabalin should therefore be tapered gradually over a minimum of 1 week rather than
discontinued abruptly. Weight gain noted in clinical trials of pregabalin was not limited to
patients with peripheral edema. Weight gain was related to dose and duration of exposure to
pregabalin, but did not appear to be associated with sex, age, or baseline body-mass index. A
higher incidence of weight gain and peripheral edema were noted in patients taking both
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pregabalin and a thiazolidinedione, compared with patients taking either agent alone. As a
result, care should be taken when co-administering pregabalin and one of these agents [37].

JSPC guidelines recommend beginning pregabalin treatment at 75 mg/day once before bed,
150 mg/day as two doses after breakfast and supper, or 150 mg/day as three doses after each
meal. Even when renal function is normal, consider a very low dose only just before bed, such
as 25 mg/day once before bed, for elderly patients, patients of low body weight, and others
prone to AEs [32].

3.1.2. Gabapentin

Gabapentin is a synthetic analogue of the neurotransmitter GABA with anticonvulsant
activity. Although the exact mechanisms of action are unknown, gabapentin appears to inhibit
excitatory neuron activity. This agent also exhibits analgesic properties [35].

In clinical trials, the most frequent AEs observed with gabapentin were somnolence (16%),
dizziness (21%), and peripheral edema (8%) [33]. Twelve percent of patients discontinued
gabapentin owing to AEs, compared with 8% who discontinued placebo. Serious AEs with
gabapentin and placebo occurred in 4% and 3% of patients, respectively [29].

3.2. Opioids

Opioid analgesics are agonists at presynaptic and postsynaptic opioid receptors. Opioids offer
comparable analgesic efficacy to TCAs. Concerns about long-term AEs, such asimmunological
changes, physical dependency, and misuse or abuse, can limit the use of strong opioids in
patients with neuropathic non-cancer-related pain [9].

The place of opioids and tramadol in guidelines for the management of PHN has evolved over
time. In the 2004 AAN guidelines, extended-release formulations of oxycodone and morphine
were recommended as first-line agents. Guidelines issued by the NeuPSIG (2007) and EFNS
(2010) recommend strong opioids and tramadol as second-line therapy, not because of new
data on efficacy, but perhaps reflecting concerns about the risks of AEs and abuse [29].

Extended-release formulations of oxycodone [38] and morphine, as well as methadone [39],
have shown efficacy in patients with PHN. The NNT for a 50% reduction in pain were 2.5 for
oxycodone and 2.8 for morphine or methadone, compared with an NNT of 3.7 for the TCA
nortriptyline (Table 4). In a placebo-controlled, active comparator-controlled crossover trial,
the majority of patients (53%) preferred the opioids morphine or methadone over TCAs.
Opioids tended to provide greater pain relief, although the difference was not significant [40].
A meta-analysis of the 2 trials evaluating oxycodone, morphine and methadone calculated an
NNT for opioids of 2.7 [27]. Tramadol has proven less effective than strong opioids. In a
randomized controlled trial, tramadol was not significantly better than placebo on a 5-point
verbal scale or on measures of quality of life [40]. An analysis of this trial calculated an NNT
of 4.8 [27]. Oxycodone, morphine, and methadone were associated with typical opioid-related
AEs, including nausea, diarrhea, and constipation [38, 39]. Tramadol was better tolerated, but
less effective [40].
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In the JSPC guideline, although multiple clinical studies have demonstrated the analgesic
effects of opioid analgesics (narcotics for medical use) in patients with neuropathic pain,
opioids are generally recommended as second- or third-line treatment for several reasons.
First, opioid analgesics have a high incidence of associated AEs that may persist over the entire
course of treatment. Second, the lack of any systematic investigation into the long-term safety
of opioid analgesics means that the opioid analgesics may not be fundamentally safer than
other drug options. Third, opioid analgesics may cause hyperalgesia. This effect, if present,
would adversely modify the risk/benefit profile of long-term treatment in neuropathic pain
patients. Finally, opioid abuse and addiction are substantial problems [32].

3.2.1. Morphine

The sulfate salt of morphine is an opiate alkaloid isolated from the plant Papaver somniferum
and produced synthetically. Morphine binds to and activates specific opiate receptors (9, i and
k), each of which are involved in controlling different brain functions. In the CNS and gastroin-
testinal system, this agent exerts widespread effects including analgesia, anxiolysis, euphoria,
sedation, respiratory depression, and smooth muscle contraction in the gastrointestinal system.

A sustained-release tablet formulation contains the sulfate salt of the opiate alkaloid morphine
to provide analgesic activity. Morphine binds to and activates p-opioid receptors in the CNS,
thereby mimicking the effects of endogenous opioids. Binding of morphine to opioid receptors
stimulates exchange of guanosine 5'-triphosphate for guanosine 5'-diphosphate, inhibits
adenylate cyclase, and decreases intracellular cyclic adenosine monophosphate. This inhibits
the release of various nociceptive neurotransmitters, such as substance P, GABA, dopamine,
acetylcholine, noradrenaline, vasopressin, and somatostatin. In addition, morphine closes N-
type voltage-gated calcium channels and opens calcium-dependent inwardly rectifying
potassium channels, causing hyperpolarization of neuronal membranes and reductions in
neuronal excitability, with subsequent analgesia and sedation [35].

3.2.2. Oxycodone hydrochloride

The hydrochloride salt of oxycodone is a methylether of oxymorphone and a semisynthetic
opioid agonist with analgesic and antitussive properties. Oxycodone binds to u-receptors in
the CNS, thereby mimicking the effects of endogenous opiates as well as morphine. In addition
to analgesia and a depressive effect on the cough center in the medulla, this agent may cause
euphoria, anxiolysis, miosis, sedation, physical dependence, constipation, and respiratory
depression, depending on dosage and variations in individual metabolism [35].

3.2.3. Tramadol

A synthetic codeine analogue, tramadol has central analgesic properties with effects similar to
opioids, such as morphine and codeine, acting on specific opioid receptors. Used as a narcotic
analgesic for severe pain, this agent can be addictive. Tramadol is used to treat moderate-to-
severe paininadults,and bindstoopioid receptorsinthe CNS[41]. Tramadol also weakly inhibits
noradrenaline and 5-HT reuptake and can therefore interact with serotonergic drugs (selec-
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tive noradrenaline reuptake inhibitors [SNRIs] and selective serotonin reuptake inhibitors
[SSRIs]), causing serotonin syndrome, although this risk seems to be low in clinical practice [9].

3.3. TCAs

Clinical data support the efficacy of TCAs for PHN. In a 2005 meta-analysis of 4 clinical trials
(248 patient episodes), the NNT for 1 patient to achieve a 50% reduction in pain with the TCAs
amitriptyline, nortriptyline, and desipramine was 2.6 [27]. A 2007 Cochrane review of 4 clinical
trials (244 patients) calculated an NNT of 2.7 [41]. Although effective, TCAs have been
associated with significant systemic AEs, most notably anticholinergic AEs [43, 44], and have
been associated with cardiotoxicity [45-47]. Electrocardiography (ECG) before the start of
treatment is mandatory and careful dose titration is needed [9]. Individual trials of amitripty-
line and desipramine in patients with PHN suggest that the second-generation TCA desipra-
mine produces fewer anticholinergic side effects than amitriptyline [48, 49].

3.3.1. Amitriptyline hydrochloride

The hydrochloride salt of the tricyclic dibenzocycloheptadiene amitriptyline with antidepres-
sant and antinociceptive activities. Amitriptyline hydrochloride is the hydrochloride salt of
the tricyclic dibenzocycloheptadiene amitriptyline, and shows antidepressant and antinoci-
ceptive activities. Amitriptyline inhibits the re-uptake of noradrenaline and serotonin by the
presynaptic neuronal membrane in the CNS, thereby increasing synaptic concentrations of
noradrenaline and serotonin. Due to constant stimulation of these receptors, amitriptyline may
produce a downregulation of adrenergic and serotonin receptors, which may contribute to the
antidepressant activity. In the CNS, the antinociceptive activity of this agent may involve high-
affinity binding to and inhibition of N-methyl-D-aspartate (NMDA) receptors and/or en-
hancement of the action of serotonin at the spinal terminals of an opioid-mediated intrinsic
analgesia system [35].

Amitriptyline has an NNT of 2.2 for PHN, but the AEs, lack of recommendations for use in the
elderly, and small sample sizes of studies have relegated this agent behind antiepileptics for
certain PHN cases [30, 42, 50, 51]. Nortriptyline, maprotiline, and desipramine have also
proven effective, but less so than amitriptyline.

3.3.2. Nortriptyline

A TCA used for short-term treatment of various forms of depression, nortriptyline blocks the
noradrenaline presynaptic receptors, thereby blocking reuptake of this neurotransmitter and
raising concentrations in the synaptic cleft in the CNS. Nortriptyline also binds to a-adrenergic,
histaminergic and cholinergic receptors. Long-term treatment with nortriptyline produces
downregulation of adrenergic receptors due to increased stimulation of these receptors [41].

3.4. Selective serotonin and noradrenaline reuptake inhibitors

Patients who are unable to tolerate TCAs may do better with selective serotonin and noradre-
naline reuptake inhibitors, such as duloxetine or venlafaxine. Although less effective than
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TCAs, the selective 5-HT and noradrenaline reuptake inhibitors (SSNRIs) offer efficacy for
both pain and depression with fewer AEs. SSRIs effectively relieve depression symptoms but
they do not specifically relieve neuropathic pain. Nevertheless, some patients with chronic
pain due to PHN will experience clinical depression, and the use of SSRIs can be useful for the
management of depressive symptoms [5].

SNRIs are safer and easier to use than TCAs and represent a better option for patients with
heart disease. The mechanism of SNRI analgesia is likely associated with activation of the
descending inhibitory system of pain.

3.4.1. Paroxetine hydrochloride

The hydrochloride salt form of paroxetine is a phenylpiperidine derivative and a SSRI with
antidepressant and anxiolytic properties. Paroxetine binds to the pre-synaptic serotonin
transporter complex, resulting in negative allosteric modulation of the complex and thereby
blocking reuptake of serotonin by the pre-synaptic transporter. Inhibition of serotonin
recycling enhances serotonergic function through serotonin accumulation in the synaptic cleft,
resulting in long-term desensitization and downregulation of 5-HT receptors and leading to
symptomatic relief of depressive illness [35].

3.4.2. Duloxetine hydrochloride

The hydrochloride salt of duloxetine is a fluoxetine derivative belonging to the class of SSNRIs
and exhibiting antidepressant activity. Duloxetine selectively prevents reuptake of 5-HT and
noradrenaline via transporter complexes on the pre-synaptic membrane, thereby increasing
the levels of these neurotransmitters within the synaptic cleft. As a result, this agent potentiates
serotonergic and noradrenergic activities in the CNS, alleviating depression and neuropathic
sensations such as pain and tingling. Furthermore, duloxetine does not show significant
affinity for dopaminergic, adrenergic, cholinergic, histaminergic, opioid, glutamatergic, or
GABAergic receptors [35].

Duloxetine is recommended for painful diabetic neuropathies [11, 29, 30], but not for PHN;
little clinical trial data has been accumulated supporting use in PHN. SNRIs are also associated
with a number of systemic AEs, including nausea, vomiting, somnolence, anorexia, constipa-
tion, dizziness, fatigue, insomnia, increased sweating, and dry mouth [52-54].

3.5. Other oral therapies

Several other oral agents have been investigated in the treatment of PHN. Specifically, the
NMDA antagonists dextromethorphan and memantine [55, 56] and the benzodiazepine
lorazepam [56] have not shown good efficacy in clinical trials.

In treatment guidelines, therapies described as lacking sufficient evidence of efficacy include
anticonvulsants that target sodium channels (carbamazepine and oxcarbazepine), other
anticonvulsants (lamotrigine, topiramate, and valproic acid), other antidepressants (bupro-
pion, citalopram, paroxetine), and the oral lidocaine analog, mexiletine [11, 30, 31]. For other
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neuropathic pain syndromes, mexiletine has only shown efficacy at doses that produce
systemic AEs, including proarrhythmic effects [43]. This suggests that the benefits of sodium
channel antagonism for PHN may be better achieved via local lidocaine administration.

JSPC guidelines also recommend extract of cutaneous tissue from rabbits inoculated with
vaccinia virus (Neurotropin®) as a first-line oral therapy[32].

3.5.1. Carbamazepine

Carbamazepine is a tricyclic compound chemically related to TCAs with anticonvulsant and
analgesic properties. This agent exerts anticonvulsant activity by reducing polysynaptic
responses and blocking post-tetanic potentiation. The analgesic activity is not understood, but
carbamazepine is commonly used to treat pain associated with trigeminal neuralgia [35].

3.5.2. Valproic acid

Valproic acid is a synthetic derivative of propylpentanoic acid with antiepileptic properties
and potential antineoplastic and antiangiogenesis activities. In epilepsy, valproic acid appears
to act by increasing concentrations of GABA in the brain. The antitumor and antiangiogenesis
activities of this agent may be related to the inhibition of histone deacetylases and nitric oxide
synthase, resulting in the inhibition of nitric oxide synthesis [35].

3.5.3. Extract of cutaneous tissue from rabbits inoculated with vaccinia virus

Extract of cutaneous tissue from rabbits inoculated with vaccinia virus (Neurotropin®) has
been shown to exert analgesic effects in a Japanese clinical study in PHN as one type of
neuropathic pain. Producing no serious AEs, the drug product was very well tolerated, in
addition to conferring analgesic effects. The drug product has been clinically used in patients
20 years old and older and is very safe [32, 57, 58].

3.5.4. Antiarrhythmics (mexiletine)

Mexiletine hydrochloride is a class 1B antiarrhythmic, and works by blocking sodium
channels. A local anesthetic and antiarrhythmic (Class IB) agent structurally related to
lidocaine, mexiletine exerts antiarrhythmic effects by inhibiting the inward sodium current in
cardiac cells, thus reducing the rate of increase in the cardiac action potential (phase 0) and
decreasing automaticity in Purkinje fibers. This slows nerve impulses in the heart and stabilizes
the heartbeat. The anesthetic activity is due to the ability of mexiletine to block sodium influx
in peripheral nerves, thereby reducing the rate and intensity of pain impulses reaching the
CNS [41].

3.5.5. Lidocaine patch 5%

Lidocaine relieves pain through non-specific blockage of sodium channels on ectopic periph-
eral afferent fibers without causing numbness of the treated skin. Topical application without
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a relevant systemic absorption offers a good benefit-to-risk ratio only with local AEs, such as
erythema or rash [9].

The transdermal patch contains a 5% aqueous base solution of the synthetic amide-type
anesthetic lidocaine with analgesic activity. Upon topical application and transdermal
delivery, the active ingredient lidocaine binds to and blocks voltage-gated sodium channels
in the neuronal cell membrane; lidocaine-mediated stabilization of neuronal membranes
inhibits the initiation and conduction of nerve impulses and produces reversible local anes-
thesia [34]. The lidocaine 5% patch is recommended as first-line therapy in the AAN [31],
NeuPSIG [30], and EENS [11] guidelines [29].

3.6. Combination therapy

In clinical practice, a combination of two or more drugs is often needed to achieve satisfactory
pain relief, although few trials have been conducted to support this clinical observation.
However, combination therapy with gabapentin or pregabalin and extended-release morphine
in patients with PHN achieved higher pain relief with lower doses compared to administration
of one drug alone. These results have also been confirmed for the combination of nortriptyline
and gabapentin as well as for pregabalin and topical lidocaine in patients with PHN. Taken
together, these results substantiate the usefulness of combination therapies in patients with
PHN [9].

4. Conclusion

Neither obvious pathogenesis nor an established treatment have been clarified or established
for PHN. Our study indicated that advanced age and deep pain at the first visit were shown
to be predictive factors for PHN. DM and pain reduced by bathing should also be considered
as potential predictors of PHN. We further reviewed recent pharmacotherapeutic results for
PHN. To improve patient safety and the likelihood of achieving satisfactory outcomes,
prospective studies are needed to establish optimal treatments including pharmacotherapy
for PHN.
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