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Abstract

Neuropathic pain (NP) resulting from injury or disease of the somatosensory system is a common,
debilitating chronic disorder that significantly undermines quality of life. Preclinical and clinical
studies have considerably advanced our understanding of the myriad peripheral and central
changes in neuronal and non-neuronal cells associated with persistent pain states. Disappointingly,
advances in clinical therapies for NP have not paralleled the substantial advances in basic science.
Most drugs currently used for the treatment of NP bind to receptors that are widely expressed in
the peripheral and central nervous systems, and hence are frequently associated with adverse
effects. Therefore, identifying key targets involved in the initiation and maintenance of NP in the
periphery, with guidance from meticulous clinical evidence, merits renewed focus. We consider
the relative importance of peripheral and central mechanisms and present several lines of clinical
and preclinical evidence supporting the tenet that spontaneous and ectopic activity in primary
afferent neurons plays a critical role in NP. Several potential peripheral “pain generator” sites have
been identified, and defining their role in NP states of different etiologies is important for targeted
therapy. Hyperexcitability of peripheral neurons may represent a “low-hanging target” in the
development of safe therapies for a subset of patients with NP. We summarize work from our
group and others that identifies potential peripheral drug targets, including peripheral opioid
receptors, involved in the modulation of NP. In future drug development efforts, therapies directed
at peripheral mechanisms may offer potential advantages over current CNS-penetrating drugs,
including minimal adverse effects.

1. Introduction

Neuropathic pain (NP) results from injury to or disease of the somatosensory system. It is
estimated that approximately 7-10% of the population and 25-30% of individuals with
chronic pain suffer from NP [22,144,151]. The burning, stinging, shooting, dysesthetic
sensations associated with NP can be excruciating, markedly detract from quality of life, and
lead to depression and even suicide. Most drugs currently in use for NP bind to receptors
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that are widely expressed throughout the central nervous system (CNS), and hence are
frequently associated with dose-limiting adverse effects (sedation, dizziness, cognitive
dysfunction), addiction, and abuse. The limited efficacy of the NP drugs may have also
contributed, in part, to the increased use of opioids for treating this chronic pain disorder.
Therefore, developing new treatments for NP with minimal CNS-related adverse effects is a
high research priority [111,123,126].

Since the initial neurophysiologic evidence, nearly four decades ago, for an increase in
excitability of CNS neurons after peripheral tissue injury in an animal model [160], much
has been learned about the peripheral and central changes associated with persistent pain
states, particularly NP. A myriad of associated functional, structural, and molecular changes
in neurons, glial cells, and other non-neuronal cells (e.g., macrophages) from the periphery
to the brain have been characterized in several preclinical models (Figure 1, for review see
references [9,16,26,65,77]. Regrettably, advances in clinical therapies for NP have not
paralleled the significant advances in basic science [21,137]. Anticonvulsants, such as
gabapentin and pregabalin, and antidepressants, such as nortriptyline and duloxetine, remain
the first-line drugs for the treatment of NP [36,51]. Not including reformulations, the
proportion of new drugs for pain treatment entering phase 1 clinical trials (relative to all new
drugs) declined between 2000-2002 and 2013-2015 [64]. Moreover, only 11% of new drugs
for pain advanced from Phase 2 to Phase 3 trials, and drug development for pain swung from
cultivating new molecular entities to primarily reformulating old drugs. Bridging this
ongoing gap between advances in mechanistic research and the discovery of safe and
effective novel clinical therapies, the “valley of death” in drug development, may warrant a
renewed focus on identifying key targets involved in the initiation and maintenance of NP
with guidance from meticulous accrual of clinical evidence.

Human and preclinical studies in the latter part of the last century shed considerable light on
the mechanisms that contribute to peripheral and central sensitization after acute tissue
injuries, such as a burn and surgical wound. Fortunately, in most cases, the increased
sensitivity of peripheral and central neurons that develops after such injuries is short-lived.
Considerable advances have also been made in the treatment of patients with acute pain.
However, the management of certain chronic pain conditions, particularly NP, remains a
challenge.

Peripheral and central sensitization: Insights from models of acute pain

Broadly speaking there are two potential sources of persistent pain. One is the peripheral
nervous system (PNS) and the second encompasses the CNS from the spinal cord to the
brain. One possibility is that persistent pain may be driven primarily by events in the PNS.
An alternative view is that, although pain may be initiated by events in the periphery, pain
becomes centralized in association with CNS hypersensitivity, a mechanism termed central
sensitization. The concept of centralized pain is now commonly invoked to account for pain
that is difficult to treat. If the basis of ongoing pain is centralized, addressing a peripheral
source of pain may be futile. Here, we consider the relative importance of peripheral and
central mechanisms and the clinical implications of these insights.
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Both peripheral and central sensitization play a role in pain signaling after acute injury.
Within moments after a burn injury, nociceptors sensitize to heat stimuli [96,112].
Sensitization is manifest by a lowered threshold and an increased response to suprathreshold
stimuli. In addition, nociceptors develop spontaneous activity. Sensitization corresponds to
the psychophysical changes, namely, a lowered pain threshold, increased pain to
suprathreshold stimuli, and ongoing (spontaneous) stimulus-independent pain. These
changes, all at the site of the injury, are termed primary hyperalgesia. The changes in pain
sensibility, however, extend beyond the primary zone. The responses to mechanical stimuli
are augmented in a discreet area that surrounds the initial area of injury (Figure 2). The
augmented pain sensibility in the surrounding zone is termed secondary hyperalgesia.

In initial electrophysiological studies, heat hyperalgesia in the primary zone appeared
adequately explained by the corresponding sensitization of the nociceptors
[25,73,81,112,142]. However, the nociceptors in the surrounding zone do not sensitize to
heat or mechanical stimuli [79,146]. One of the salient findings in the zone of secondary
hyperalgesia is the development of pain to stroking stimuli, termed dynamic allodynia.
Given that the nociceptors which innervate the region next to the injury do not sensitize, the
conclusion is that the sensory changes are due to central sensitization, an enhanced
sensitivity of central neurons that signal pain to peripheral afferent inputs [161,162].

Importantly, psychophysical and microneurographic studies of secondary hyperalgesia in
human subjects have provided additional evidence for central sensitization. We studied the
effects of a burn injury applied to human subjects in two locations separated by several
millimeters on the thenar eminence of the hand. Sensory testing revealed hyperalgesia to
heat and mechanical stimuli in the burn injury site’s zone of primary hyperalgesia (Figure 2)
[115]. However, in the zone between the two burn injuries, the zone of secondary
hyperalgesia, there was a dissociated sensory change. Strikingly that area exhibited
hyperalgesia to mechanical stimuli but /ypo-algesia (reduced painfulness compared to
normal) to heat. The dissociated sensory change cannot be explained by peripheral
sensitization and therefore must result from central mechanisms. Torebjork and colleagues
[143] placed microelectrodes into sensory nerves of human subjects and stimulated A-fibers
that innervate the zone of secondary hyperalgesia. Stimulation of these afferents normally
evokes a tactile non-painful sensation. However, this same stimulation after injection of
capsaicin evoked pain, signifying a central sensitization to the inputs of A fibers, including
low-threshold A-p fibers.

What we have learned so far is that, as a result of central sensitization, neural activity in
tactile mechanosensitive afferents manifests as pain to stroking stimuli. A logical next
question is whether central sensitization also occurs to the inputs of nociceptive afferents.
An important discovery highlighted by the work of LaMotte and colleagues [80] is that
mechanical hyperalgesia is characterized not only by stroking pain (dynamic allodynia) but
also punctate hyperalgesia (also referred to as static hyperalgesia). Punctate hyperalgesia, in
contrast to allodynia, is evidenced by augmented pain to a normally painful von Frey hair
stimulus. It persists longer after injury and is less dependent on ongoing input of sensitized
nociceptors in the region of injury. In contrast, allodynia mediated by A-p fibers reverses
when painful inputs from the zone of primary hyperalgesia are blocked [7]. Punctate
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hyperalgesia in human subjects was studied after intradermal injection of capsaicin. Marked
secondary hyperalgesia was evident for many hours after injection. A blockade of A-fiber
conduction, which presumably affects A-fiber nociceptors, reduced punctate hyperalgesia
[173].

In a study of patients with NP, we demonstrated that the switch to A-p fiber-mediated pain
signaling is manifest in chronic pain as well [27]. In 15 of 17 patients with NP caused by
peripheral nerve injury, an acute and selective block of A-p function affecting
mechanosensitive afferents that normally signal tactile sensations led to a marked reduction
or elimination of allodynia. The selective conduction block studies, as well as additional
lines of evidence from local anesthetic block and latency to pain detection, indicated that the
allodynia in NP could be explained only by a signaling mechanism that involved the rapidly
conducting mechanosensitive A-p fibers.

Therefore, hyperalgesia and allodynia after acute injury likely entail three mechanisms: 1)
sensitization of primary afferent nociceptors; 2) central sensitization to the inputs of
nociceptive primary afferents; and 3) a switch in the messaging of tactile low-threshold A-
fibers such that their inputs acquire the capacity to signal pain. Studies in subjects with NP
suggest that mechanisms similar to that observed in acute injury may also be involved.

3. Neuropathic pain: role of peripheral mechanisms in the maintenance of

ongoing pain and central sensitization

3.1

Is input from the periphery critical in the maintenance of NP?

A fundamental question regarding chronic NP caused by disease or injury to the PNS is
whether it is maintained by peripheral input or, alternatively, by autonomous, central (spinal
or supraspinal) generators, that is, does chronic pain become “centralized”? This question is
not merely one of academic interest but one that is likely to have profound clinical
consequence [93,102]. The answer determines the tissue(s) that should be the primary target
for therapies and directs future drug development efforts [118,119].

Spontaneous activity in sensory afferent neurons is considered to be the primary
neurophysiologic correlate for symptoms associated with NP, such as spontaneous pain,
paresthesia, and dysesthesia [40,147]. We present several lines of clinical and preclinical
evidence to support the postulate that spontaneous and ectopic activity in primary afferent
neurons represents a “low-hanging target” in the development of safe therapies for a subset
of patients with NP. Although the focus of our review is on neuronal hyperactivity, it is
worth recognizing that these neurons have complex interactions with glia, immune cells,
keratinocytes, and other non-neuronal cells that may play a role in sensitization of the
primary afferent neurons and generation of spontaneous activity. Recent reports suggest that
peripheral nerve injury induces the expression of colony-stimulating factor 1 (CSF1) in
injured DRG neurons. The axonal transport and release of CSF-1 in the spinal dorsal horn
induces microglial proliferation and upregulation of pain-related genes, which contribute to
NP [57]. Peripheral nerve injury also induces proliferation of macrophages both at the injury
site and around injured sensory neurons in DRG. Interestingly, Shepherd et al. [129]
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reported that angiotensin Il receptor-expressing macrophages at the site of injury play a
critical role in NP. However, a more recent study concluded that macrophages in the DRG,
but not at the peripheral nerve injury site, trigger a reciprocal interaction with sensory
neurons and contribute to the initiation and persistence of NP [171]. Thus, it is likely
worthwhile to study drugs that selectively target peripheral sites, such as primary afferent
neurons, or non-neuronal substrates in the PNS, such as satellite glial cells in the DRG and
macrophages in sensory ganglia or at the injury site.

3.1.1. Clinical evidence—Several studies in recent years have shown that peripheral
local anesthetic blocks of nerves that innervate the painful region alleviate ongoing pain and
hypersensitivity in a proportion of subjects with NP of varying etiologies [23,61,152]. If a
peripheral local anesthetic nerve block relieves the pain, then the presumption is that the
driver for pain is in the periphery. Hence, these studies imply that peripheral neuronal
hyperexcitability amplifies pain signaling and may contribute to the maintenance of
unremitting pain symptoms, such as spontaneous pain, tactile allodynia, and thermal
hyperalgesia, in a subset of patients.

Nerveinjury and peripheral neuropathic pain: Haroutounian and colleagues [61]
reported the effects of a peripheral nerve block with lidocaine and an intravenous infusion of
lidocaine on spontaneous pain in patients who had chronic NP associated with traumatic
peripheral nerve injury or distal symmetric polyneuropathy (DSP). Similar to other reports
[32,54,75,97], the peripheral local anesthetic nerve block induced complete relief of ongoing
spontaneous pain in both patient groups. Intravenous lidocaine infusion, however, had only a
small effect on nerve injury-induced spontaneous pain, whereas it produced more than 50%
pain relief in the majority of patients with DSP. This disparity may suggest that different
peripheral generator sites contribute to the pain signal in peripheral nerve injury and DSP.
This report, as well as earlier observations by Gracely et al. [54] that local anesthetic block
of painful foci in patients with reflex sympathetic dystrophy not only reduced pain but also
abolished touch-evoked allodynia outside the anesthetic area, suggests that both spontaneous
pain and central sensitization in chronic NP may be maintained by input from the periphery.
The beneficial effects of topical lidocaine and high-concentration (8%) capsaicin in a subset
of patients with postherpetic neuralgia and other localized peripheral NP states further
supports the postulate that peripheral neuronal hyperexcitability is a key factor in the
maintenance of the chronic pain state in these subjects [12,95,121,122]. For reviews, see
also [18,39].

Postamputation pain: Additional evidence for the critical role of peripheral afferent
activity stems from studies in subjects with postamputation pain. In a study by Chabal et al.
[32] phantom limb pain (PLP) was attenuated by perineuronal application of lidocaine.
Years later, Birbaumer et al. [17] showed that anesthesia of the affected limb with a brachial
plexus block relieved PLP. The plexus block not only blocked PLP in 50% of the patients
studied, but also led to a reversal of amputation-induced cortical reorganization [17]. It has
been argued that a peripheral pain generator proximal to the site of the axillary brachial
plexus (i.e., dorsal root ganglion [DRG]) might contribute to the failure of local anesthetic
block in those who do not obtain pain relief. To investigate whether the DRG plays a crucial
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role in maintaining PLP, Vaso et al. [152] performed intrathecal and intraforaminal
anesthetic blocks in lower limb amputees with PLP. Seventy-five percent (21 of 28) of
patients subjected to the intraforaminal lidocaine block experienced full pain relief, and six
experienced a substantial (75-90%) reduction in pain. A more recent double-blind
randomized, placebo-controlled study further supports the role of peripheral afferent input in
postamputation pain. Buch et al. [23] showed that PLP intensity in amputees was
significantly reduced after lidocaine block of peripheral nerves, compared with that after
saline injection.

Post-stroke pain: Most studies that have examined a role for afferent neuronal
hyperexcitability have been carried out in subjects with NP of peripheral etiology. Pain
resulting from CNS disease is generally attributed to a loss of inhibitory neuronal
mechanisms and a disinhibition of somatosensory neurons, resulting in autonomous ectopic
nociceptive activity at CNS sites. Interestingly, in a recent small study of patients with
central post-stroke pain in an extremity, ultrasound-guided peripheral nerve blocks with
lidocaine completely abolished pain in 7 of 8 subjects and provided >50% pain relief in the
other participant [60]. This intriguing observation suggests that, even in central NP states,
the ongoing pain may be partly dependent on afferent input from the painful region in the
periphery.

Results from the studies described above suggest that activity in primary afferent nerve
fibers and/or DRG (i.e., peripheral hypersensitivity) plays an important role in the
maintenance of chronic NP. Hyperexcitable primary afferent neurons may enhance
excitatory neurotransmitter release in the spinal cord, producing a prolonged state of CNS
neuronal hyperexcitability, and may also contribute to the maintenance of complex activity-
dependent plasticity in the CNS. Despite having pain for prolonged periods, the patients
apparently did not develop a central, autonomous “pain generator.” Although in many NP
states, the central changes may be insufficient to maintain spontaneous pain by themselves,
central functional and structural changes may lead to amplification of the incoming
peripheral input. In such cases, even “weak” input from primary afferents that does not
normally result in pain becomes sufficient to produce painful sensations. Thus, the clinical
studies presented do not negate a role for central mechanisms in spontaneous pain. The
studies in patients with peripheral NP caused by neuropathy or peripheral nerve injury imply
that the pain generator is localized in the peripheral distal axon, whereas the studies in
amputees suggest that the primary pain generator may be localized at the DRG.

3.1.2. Preclinical evidence—The role of nociceptive afferent neurons in the
transduction and transmission of noxious information from the periphery to the CNS has
been well characterized [146]. Early events soon after the nerve injury, such as injury
discharge and spontaneous activity (SA), may be critical to trigger subsequent
neurophysiologic and chemical changes that lead to the development of NP [53,164,165]. In
animal models of peripheral nerve injury or neuropathies of various etiologies, SA in
primary afferents may originate from the injury site [4-6,19,24,68].

SA has been observed in uninjured, unmyelinated afferents after spinal nerve ligation [4].
This SA may be induced in peripheral target tissue where partial denervation leads to

Pain. Author manuscript; available in PMC 2021 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Raja et al.

Page 7

upregulation of trophic factors that in turn increase neuronal excitability. Alternatively, the
inflammatory milieu accompanying Wallerian degeneration of neighboring axons may
produce SA along the axon of uninjured afferents. Recent studies also indicate that
dysfunction of ion channels Nav1.8, TRPAL, and hyperpolarization-activated cyclic
nucleotide-gated (HCN) channel 2 in axons of nociceptive afferents may play a central role
in the pathogenesis of painful diabetic neuropathy [8,49,50,136,149]. Several studies suggest
that DRG neurons may become spontaneously active after nerve injury. Therefore, they may
represent an important pain generator site after nerve injury and provide a useful therapeutic
target [24,35,87,89,135,172]. DRG neurons may develop ectopic discharges and increased
excitability for a prolonged period after nerve injury [89,153], or nerve root compression
[103], possibly driven by both external (e.g., inflammation) and intrinsic factors (e.g.,
changes in gene expression to injury, regeneration response). Immuno-histochemical and
patch-clamp electrophysiologic recordings from dissociated human DRG cells isolated from
subjects with radicular pain or cancer-related NP demonstrated an unpregulation of Na, 1.7
channels and the presence of SA in neuronal soma (Figure 3) [86]. The importance of the
DRG as a generator site was highlighted in a recent study from Yatziv and Devor [169] that
used an L5 spinal nerve ligation model. When injected in the vicinity of the L5 DRG, a low
concentration of lidocaine that did not block conduction or cause sensory-motor deficits did
relieve mechanical allodynia. The same concentration of lidocaine administered in the
region of the neuroma or adjacent L4 DRG was not effective at decreasing mechanical
allodynia. The authors concluded that ectopic activity in injured DRGs, rather than
originating in the neuroma and in neighboring uninjured afferents, contributes primarily to
NP. They opined that continuous infusion of a low dose of local anesthetic in the vicinity of
the injured DRG could be a potential interventional strategy for relieving NP with an
increased benefit/risk ratio.

The development of peripheral neural hyperexcitability appears not to be restricted to lesions
of the PNS and may also contribute to central NP after spinal cord injury. In an isolated
skin—nerve preparation, Carlton et al. [30] showed that contusive spinal cord injury enhanced
background activity in peripheral fibers of nociceptors, suggesting that SA can be generated
in or near the peripheral terminals of nociceptors. DRG neurons below the level of spinal
cord injury also develop chronic hyperexcitability and increased SA that can last for months.
The DRG neurons that exhibited SA were mostly nociceptors either responding to capsaicin
or binding isolectin B4 [15,30,59,63,156].

The evidence presented above indicates that pain generators can develop at several sites
along the peripheral neuraxis. Potential sites that have been suggested include the nerve fiber
endings in skin and deeper tissues, dying back distal axon terminals in metabolic and HIV
neuropathies [110,114], the distal cut end of an injured nerve, focal sites of demyelination
along diseased or partially injured nerves, and the DRG at and adjacent to the level of injury
(Figure 4). Thus, the critical site of SA initiation may differ based on the disease
pathophysiology. Additional studies are needed to determine the best target for a specific NP
state.
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3.2. What type of primary afferent neurons drive spontaneous pain in NP?

3.2.1. Clinical evidence—The types of primary afferent nerve fibers that drive
spontaneous pain in chronic pain patients is a subject of considerable debate.
Microneurographic studies of activity from nociceptive afferents in humans and whole-cell
patch clamp recordings of dissociated DRG neurons from patients treated for NP have
revealed spontaneous activity and hyperexcitability in unmyelinated fibers. This
hyperexcitability has been found in patients with NP conditions as diverse as phantom limb
pain, trigeminal neuralgia, diabetic neuropathy, and erythromelalgia [14,20,71,104,108,128].
Unfortunately, because of technical limitations (low signal-to-noise ratio, ongoing electrical
stimulation), the rate of the spontaneous discharge activity is difficult to determine in
microneurography studies. Although selective A-fiber block resolved touch-evoked
allodynia in patients with chronic NP [27], it did not reduce spontaneous pain, which was
presumably mediated by C-fiber input [75].

3.2.2. Preclinical evidence—Because ongoing pain is challenging to measure in
animal models, its mechanisms have been less well investigated than evoked pain. In animal
models of peripheral nerve injury, the observed discharge rates of spontaneous activity in
unmyelinated afferent fibers is low and varies substantially (0.01-5 Hz) [1,42,43,163], but
such input may be responsible for pain behavior if the input is amplified in the CNS. Indeed,
the level of spontaneous activity in C-fibers correlates with spontaneous pain behavior [43].
Multiple animal studies have also revealed spontaneous activity in injured myelinated nerve
fibers [19,70,89,153,154]. It has been proposed that this activity can contribute to NP
[29,40] because injured large fibers undergo a phenotypic switch [100,158] whereby they
begin to synthesize substance P, which is normally expressed in nociceptive afferents. By
this switch, input from large myelinated fibers may indeed gain access to spinal horn
neurons involved in processing nociceptive input. Studies have suggested that activation of
TRPV1-expressing DRG neurons may play an important role in spontaneous pain [69,106].
Resiniferatoxin, an ultra-potent and selective TRPV1 agonist, activates and desensitizes the
TRPV1 receptor, resulting in a selective decrease in excitability of TRPV1-expressing
neurons [69,106]. In a recent study, we showed that intraperitoneal injection of
resiniferatoxin abolished heat hyperalgesia and reduced the spontaneous activity in spinal
dorsal horn neurons of nerve-injured rats [139].

3.3. Does the sympathetic nervous system drive spontaneous activity?

Based on the clinical presentation of some patients (spontaneous pain and allodynia together
with trophic changes in skin, bones, and nails; autonomic dysregulation with alterations in
blood flow; and sweating), researchers proposed decades ago that the sympathetic nervous
system may play a role in injury-induced chronic pain. Earlier, such clinical cases were
commonly termed causalgia, reflex sympathetic dystrophy, or “sympathetically maintained
pain.” Depending on the absence or presence of a nerve injury, these clinical syndromes are
now classified as complex regional pain syndrome (CRPS) type | and type Il respectively.

3.3.1. Clinical evidence—Local anesthetic sympathetic blocks are widely used for the
treatment of CRPS pain when involvement of the sympathetic nervous system is suspected.
Clinical observations and case reports suggest that onset of pain relief occurs within minutes
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of block application, even in patients who have been experiencing pain for a prolonged
period. In addition to the reduction in spontaneous pain, mechanical allodynia and
hyperalgesia are also significantly reduced [38,94,145]. In agreement with findings from
sympathetic block experiments, maneuvers that increase sympathetic activity (by, for
example, whole body cooling or arousal) increase spontaneous pain [13,46] and areas of
mechanical allodynia/hyperalgesia.[13] As the sympathetic paravertebral ganglia are situated
outside the CNS and part of the PNS, these findings suggest that the interaction between the
afferent and efferent systems must be in the periphery. Blocking the cervical or lumbar
sympathetic chain with local anesthetics is a somewhat invasive procedure and is prone to
false-positive and false-negative results from blockade of adjacent somatic afferent fibers or
incorrect placement of the needle. As an alternative to blocking the sympathetic chain with
local anesthetics, we and others have used intravenous infusion of the a-adrenergic
antagonist phentolamine to block sympathetic effects [10,116]. Intravenous phentolamine
and local anesthetic sympathetic block had equal effects in patients suspected of having
sympathetically maintained pain, and the pain-relieving effects lasted longer than what
would have been expected from the pharmacokinetics of phentolamine [116]. Like the
anesthetic sympathetic block, intravenous phentolamine attenuated both spontaneous and
stimulus-evoked pain [10,116]. The findings from these studies indicate that, in some NP
patients, activity within the sympathetic nervous system drives somatic afferents, and that
this coupling is within the PNS. Although it may occur anywhere in the PNS, experimental
evidence suggests that coupling occurs in peripheral target tissues (e.g., skin), the site of
nerve injury, and DRG (Figure 1).

Multiple lines of evidence suggest that an interaction between sympathetic efferent and
somatic afferent fibers can occur in the skin. Application of norepinephrine into the skin of
patients whose pain and allodynia were relieved after surgical sympathectomy or anesthetic
sympathetic block, rekindled spontaneous pain and signs of mechanical hyperalgesia
[3,141,155]. Topical, cutaneous application of clonidine (an a-agonist) relieved signs of
mechanical and cold hyperalgesia in the treated area, presumably by activating a.,-receptors
on peripheral sympathetic terminals and thereby reducing norepinephrine release.
Furthermore, injection of norepinephrine or phenylephrine (an aq-agonist) into the treated
site produced pain and rekindled signs of hyperalgesia [37]. Notably, a.1-adrenoreceptors are
upregulated in the epidermis and on dermal nerve fibers in some patients with CRPS-II
[45,47]. Microneurographic recordings in one patient with sympathetically maintained pain
showed that mechano-insensitive C-fibers were activated by arousal stimuli and injection of
norepinephrine [67]. However, a larger study that used microneurography did not find such
evidence in patients with CRPS-I or CRPS-11 [28]. Sympathetic-sensory coupling at the
injury site has been tested in patients with postamputation stump pain. Perineuronal injection
of epinephrine close to a peripheral nerve neuroma produced intense pain [33]. Similarly,
injection of norepinephrine close to the neuroma induced a dose-dependent increase in pain
that was partially blocked by pretreatment with phentolamine [88].

3.3.2. Preclinical evidence—Evidence for sympathetic-sensory coupling at the skin is
supported by the observation that stimulation of the sympathetic chain induces activity in
cutaneous nociceptive afferents and adrenergic sensitivity after different types of nerve
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injury [124]. After chronic constriction injury of the saphenous nerve, polymodal C-fibers
developed adrenergic sensitivity [74], and after a lumbar spinal nerve ligation in nonhuman
primates, uninjured cutaneous C-fibers developed spontaneous activity and were activated
by a1- and ap-agonists [4]. Partial ligation of the sciatic nerve led to upregulation of aq-
adrenoreceptors in dermal nerve fibers [45], and sympathetic efferent fibers were shown to
sprout into the upper dermis [98,170], closely associated with sprouting peptidergic nerve
fibers after peripheral nerve injury [170]. The possibility that adrenergic sensitivity develops
at the injury site is supported by observations that injured afferent fibers with spontaneous
activity are activated by adrenergic agents administered into the blood stream supplying the
injured nerve [76], systemic injection of adrenergic agents [34,41], stimulation of the
sympathetic chain [41,58,66], or application of norepinephrine to the injury site
[41,58,66,159,167,168].

Basket-like structures around large and medium sized DRG neurons formed by sprouting
sympathetic nerve fibers after peripheral nerve injury [82,92,117] may represent an
anatomical substrate for sympathetic-sensory coupling in the DRG. Sprouting sympathetic
fibers have also been observed in human DRGs that were surgically removed from patients
for the treatment of pain [130]. In animal models, inhibition of sympathetic sprouting
partially inhibited NP behavior in animals [85,117]. Stimulation of sympathetic efferents
and systemic administration or topical application of adrenergic agents activates DRG
neurons in various models of NP [24,34,167]. In vitro, norepinephrine depolarized acutely
dissociated, small to medium sized DRG neurons harvested from animals with peripheral
nerve injury [113]. Activation of sympathetic sprouts led to enhanced activity in large and
medium sized DRG neurons, an effect that was abolished by blocking sympathetic
transmission [166].

Combined together, substantial clinical and basic science evidence supports the concept that
sympathetic-somatosensory coupling after nerve injury may account for pain and
hyperalgesia in some patients with NP. Most of the clinical evidence, however, remains
anecdotal, and placebo-controlled trials are needed to evaluate the long-term effects of local
anesthetic sympathetic blocks [105]. Preclinical studies are lacking advanced behavioral test
paradigms (e.g., CPP) to investigate the role of the sympathetic nervous system in animal
models of NP. These gaps may be challenging to fill, but the clinical need to clarify the role
of the sympathetic nervous system in pain should justify such research efforts.

3.4. Advantages of targeting peripheral afferent neurons for neuropathic pain treatment

As discussed earlier, both clinical and experimental studies provide mounting evidence that
peripheral neuronal mechanisms contribute to central sensitization in individuals with NP.
Targeting peripheral mechanisms has several potential advantages as compared to CNS-
penetrating drugs for the relief of pain. First, drugs that act on peripheral afferent fibers and
soma of DRG neurons will inhibit “pain at its source” and act at sites before the pain signals
diverge over multiple CNS pathways [111,134,157]. Second, interrupting pain signals in the
periphery will not only disrupt the initiation of pain, but may also inhibit afferent inputs to
the CNS, potentially reversing central sensitization [26,52]. Third, a subpopulation of DRG
neurons may be involved in NP. Targeting only those would preserve protective pain
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sensation and other sensations such as touch and proprioception. Finally and importantly,
peripherally restricted analgesics are likely to have minimal off-target effects in the CNS and
hence fewer side effects, fewer drug interactions, and a better safety profile [125,133]. DRGs
are not protected by a blood-nerve barrier because the endothelium of their supply vessels
lacks tight junctions. Therefore, peripherally acting drugs can access their targets on DRG
neurons and inhibit peripheral pain generators.

3.5. Potential peripheral drug targets involved in the modulation of NP

G-protein-coupled receptors (GPCRs) located at the cell membrane have been used
frequently as drug targets for a variety of pharmacotherapies, including those for NP [109].
GPCRs such as opioid, cannabinoid, a-adrenergic, adenosine receptor subtype 1, and some
Mrgprs (C, D) expressed on afferent fibers and DRG neurons participate in modulation of
pain transmission [44,55,84] and have been suggested as attractive targets for the
development of new NP treatments. Many of these receptors modulate pain through actions
at the central terminals of DRG neurons in association with functions such as inhibition of
neurotransmitter release. Because the central terminals of DRG neurons are located within
the blood-brain barrier and cannot be accessed by peripherally restricted drugs, their roles in
NP inhibition will not be reviewed here. Ligand-gated channels (e.g., TRPV1, TRPAL,
P2Xs), voltage-gated ion channels (e.g., sodium, calcium, and potassium channels), and
HCN ion channels have also been shown to play important roles in multiple animal NP
models. In particular, Na, 1.7 is important to inherited human pain phenotypes, and its
expression is increased in the DRG of patients with NP conditions such as chemotherapy-
induced peripheral neuropathy [86]. Some of these TRPV, Nay, HCN2, and MrgprC (human
MrgprX1) targets, by virtue of their restricted distribution in nociceptive neurons, represent
compelling pain-specific targets for pharmacologic NP therapy [48,157].

3.6. Peripheral opioid and cannabinoid receptors as targets for inhibition of NP

The lack of effective therapies for NP and the increasing morbidity and death associated
with systemic opioids highlights the need for new treatment strategies. Important families of
GPCRs, such as mu-opioid receptors (MORs), delta-opioid receptors (DORs), kappa-opioid
receptors (KORs), and cannabinoid type 1 receptors (CB1Rs), are expressed on DRG
neurons and may modulate the function of nociceptive neurons. Over the last decade, we and
others have examined whether peripheral opioid and cannabinoid receptors may be suitable
targets for inhibition of NP [2,31,72,78,90,120,127]. Here, we provide a brief summary of
our studies that support peripheral MORSs as a potential target for the relief of NP.

3.6.1. Inhibition of evoked hypersensitivity and ongoing NP behavior by
peripherally restricted opioids—Our studies and those of others suggest that mu-opioid
agonists act at peripheral sites to decrease persistent pain. Such results provide proof of
concept for the development of peripherally acting drugs that will reduce primary afferent
activity without CNS adverse effects, such as dependence and addiction [90]. To examine
whether inhibition of the peripheral MORs effectively alleviates NP-related behavior in rats,
we used peripherally acting MOR-preferring agonists such as loperamide hydrochloride and
dermorphin [d-Arg2, Lys4] (1-4) amide (DALDA). DALDA, derived from the natural
heptapeptide MOR agonist dermorphin, is highly hydrophilic and exhibits restrictive
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penetration into the CNS after systemic administration. Both drugs dose-dependently
reversed mechanical and heat hypersensitivities in nerve-injured rats when administered
systemically [56,140]. These effects were blocked by systemic pretreatment with a
peripherally acting MOR antagonist, methyl-naltrexone. DALDA-treated rats did not exhibit
motor deficits or locomotor impairment, suggesting that it does not induce central side
effects.

Ongoing and paroxysmal spontaneous pain are common in NP patients, but the underlying
mechanisms and treatment strategies may differ from those for evoked sensory
hypersensitivity [11,69,150]. Behavioral assays in animals have primarily relied on reflex
responses that do not always correlate with analgesic efficacy in humans
[69,99,107,138,148]. Therefore, the conditioned place preference (CPP) test was developed
to examine inhibitory effects of drugs on ongoing pain. The CPP is based on the assumption
that pain relief is rewarding and would motivate animals in pain to prefer a context
associated with reduced pain. A recent study in which we used complementary approaches,
including CPP, wheel running experiments, spontaneous neuronal activity in dorsal horn
neurons, and high-throughput calcium imaging of DRG neurons, showed that peripherally
acting mu-opioids DALDA and loperamide attenuate ongoing NP and spontaneous neuronal
activity in nerve-injured rats [139]. Using the CPP assay, we showed that neuropathic, but
not naive animals, exhibit a preference for the environment associated with drug treatment.
Methylnaltrexone blocked DALDA-induced place preference in neuropathic rats. DALDA
also improved wheel running performance in nerve-injured mice. Voluntary wheel running
may be indicative of wellbeing, and changes in this activity may constitute an objective way
to measure the overall impact of aversive state in injured rodents.

3.6.2. Mechanisms of action—Electrophysiologic and molecular biologic studies help
us to elucidate the site of action and cellular mechanisms by which peripherally acting MOR
agonists inhibit NP. In cultured DRG neurons, DALDA inhibited the capsaicin-induced
increase in [Ca2*] more than the B-alanine—induced increase in [Ca%*]; capsaicin and p-
alanine activate subpopulations of neurons involved in the signaling of heat and mechanical
pain, respectively [140]. Using high-throughput in vivo calcium imaging, we showed that
topical ganglionic application of DALDA reduced the numbers of small-diameter DRG
neurons activated by test stimulation after nerve injury. In vivo electrophysiologic recording
of spinal wide-dynamic range (WDR) neurons showed that systemic DALDA decreased
spontaneous firing rates and inhibited the C-fiber—-mediated, but not A-fiber—mediated,
response of WDR neurons in neuropathic rats. This neuronal inhibitory effect of DALDA
was also blocked by methylnaltrexone pretreatment [139].

3.6.3. Perspectives of targeting peripheral MORs for inhibition of NP—As
described earlier, peripherally acting mu-opioids attenuate both evoked pain and ongoing
pain-related behavior and its neurophysiologic correlates in animal models of NP. MOR
expression in uninjured peripheral nerves and DRG may increase after nerve injury and
serve as a target to increase the effectiveness of peripherally acting MOR agonists [83].
Thus, peripheral MORs may be suitable targets or a potential alternative to current opioid
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therapy for the treatment of NP. Additionally, they are likely to be associated with minimal
adverse effects.

The potential limitations and associated adverse effects of peripheral opioid analgesia,
including constipation, itch, and tolerance, need to be considered. Like CNS-penetrating
opioids, peripherally acting opioids may also induce tolerance development after repeated
administration. The inhibition of mechanical hypersensitivity by both loperamide and
DALDA decreased after repeated systemic and intraplantar administration [62,139]. How
the prolonged use of peripherally acting opioids affects motor function and NP-related
comorbidities (e.g., anxiety and depression) also needs to be determined. Future studies are
needed to address limitations that may affect the clinical application of peripherally
restricted opioids for NP management. A recent meta-analysis of preclinical studies
indicated that the systemic administration of cannabinoids had opioid-sparing effects [101].
Whether peripheral opioids and cannabinoid agonists exhibit similar synergistic interactions
is being investigated.

It is encouraging that the pharmaceutical industry is examining the clinical utility of a new
class of opioid molecules that have low blood-brain barrier permeability and hence a
decreased propensity for euphoria, abuse, and addiction (Nektar, NKTR-181). In Phase 3
clinical trials it showed efficacy for chronic low back pain, but the drug has not been
approved by the U.S. Food and Drug Administration. A novel peripherally acting MOR
agonist, NFEPP, was recently designed to exploit the pathologic conformation dynamics of
MOR-ligand interactions. The initial report established the feasibility of preferentially
targeting the pathologic conformation of MORs in the PNS by using a pH-sensitive binding
agonist that produced “injury-restricted inhibition” of inflammatory and postoperative pain
in rodents [132]. It did not cause respiratory depression, sedation, or constipation and did not
have addiction potential. In a subsequent report, the intravenous administration of NFEPP
also reduced mechanical and thermal hyperalgesia in a chronic constriction injury model of
NP. The anti-hyperalgesic effects of this opioid agonist were fully reversed by the
peripherally restricted opioid receptor antagonist naloxone methiodide when it was injected
at the nerve injury site, indicating a peripheral site of action [120]. In the chronic
constriction injury model, doses of opioid and TRPV1 antagonist SB366791 that were
ineffective when administered separately diminished heat and mechanical sensitivity when
co-injected at the nerve injury site or into the injured paw [78].

Recent findings about peripherally acting CB1 and KOR agonists as potential pain
modulators support the notion that primary afferent hyperexcitability in NP can be
modulated in the periphery. Several studies indicate a modulatory effect of the
endocannabinoid system in NP (for review see Maldonado et al. [91]). In the periphery, CB1
receptors are present in nociceptive terminals and the DRG, whereas CB2 receptors are
located in immune cells and keratinocytes. Selective deletion of CB1 in peripheral neurons
intensified NP behavior and decreased the analgesic efficacy of systemic cannabinoid
agonists [2]. A recent study also suggested similar promise with targeting peripheral KORs,
which are expressed in subpopulations of primary sensory neurons, including peptidergic
neurons. Importantly, peripherally restricted KOR agonists attenuated both pain and itch
behaviors and inhibited neurogenic inflammation and nociceptor sensitization [131].
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4. Opportunities and Challenges in Developing New Therapies for the
Management of NP

Nerve injuries and neuropathies lead to complex neurophysiologic and neurochemical
changes in the peripheral nerve and DRG. Several lines of evidence indicate that chronic NP
is maintained by spontaneous or ectopic activity in primary afferent nerve fibers and/or DRG
cells. Although we are optimistic that a better understanding of the peripheral mechanisms
in various neuropathic pain states make possible the development of safer peripherally acting
analgesics, potential challenges remain. Novel drugs that target peripheral sites must have
minimal access to the CNS even when administered systemically and should not interfere
with normal protective sensations. In addition, the safety of blocking the peripheral target
would need to be carefully evaluated to avoid unexpected adverse effects, such as the
hyperpyrexia seen with TRPV1 antagonists and the rapidly progressive osteoarthritis and
osteonecrosis reported with anti-nerve growth factor therapy. Alternatively, minimally
invasive techniques for administering the drugs in the vicinity of the “pain generator” would
need to be developed. Although there is substantial clinical and basic science evidence for
sympathetic-somatosensory coupling after nerve injury that may account for pain and
hyperalgesia, we still lack high-quality clinical evidence for the potential long-term
beneficial effects of sympathetic blockade. The holy grail in providing safe, personalized
medicine will be to establish paradigms to detect the likely peripheral pain generator site in a
given patient and develop therapies that effectively suppress that activity without affecting
normal sensations.
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Figurel.
Sites along the peripheral and central nervous systems where pathophysiologic changes may

contribute to the mechanisms of neuropathic pain. Different sites where physiologic and/or
anatomic changes have been described in various models of neuropathic pain are shown: (1)
Primary afferent nociceptors, (2) Axons in peripheral nerves, (3) Site of nerve injury, (4)
Dorsal root ganglion (DRG) at the level of nerve injury, (5) Adjacent uninjured DRG, (6)
Spinal dorsal horn at the level of injury and at adjacent levels, and (7) Descending
modulatory systems: decrease of descending inhibition and/or increase of descending
facilitation systems may contribute to the enhanced responsiveness of dorsal horn neurons.
(8) Central mechanisms involve various sites in the brain, particularly in central neuropathic
pain states. Post-ganglionic sympathetic efferent fibers that may influence the activity of
neurons at the level of the injured DRG and enhance the responses of nociceptive afferents
in the periphery are also shown.
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Figure2.
Evidence for different mechanisms of primary and secondary hyperalgesia after cutaneous

burn injuries in human subjects. (Top left) The illustration shows the relative location of the
stimulus sites on the glabrous skin of the hand and the area of flare and mechanical
hyperalgesia that develops after cutaneous burn injuries at sites A and D. The heat injury
consisted of two burns (53°C, 30 s) applied over an area 7.5 mm in diameter separated
(center to center) by a 2 cm interval. The area of mechanical hyperalgesia was larger than
the flare region, and mechanical hyperalgesia persisted even after the flare disappeared.
Mechanical thresholds for pain, assessed by von Frey hairs, and ratings of pain to controlled
laser thermal stimuli (41-49°C, 10 stimuli at 1°C increments) were recorded at sites A, B,
and C before and after the burns at sites A and D. (Top right) Mean pain thresholds to
mechanical stimuli at the primary site (site A) and secondary hyperalgesia sites (B, C)
before and after the burns at A and D. The mechanical pain threshold was significantly
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reduced after the cutaneous injury and was similar at the regions of primary and secondary
hyperalgesia. (Bottom) Schematic representation of sensory changes in the zones of primary
and secondary hyperalgesia. In the region of primary hyperalgesia (site A), allodynia to
brush stimuli and hyperalgesia to von Frey hairs were observed. Pain ratings to heat stimuli
were increased more than four-fold at this site (thermal hyperalgesia). Although pain in
response to mechanical stimuli was enhanced at both secondary hyperalgesia sites (B, C),
the pain to thermal stimuli was either unchanged (site C) or decreased (site B). Thus,
thermal hyperalgesia was observed only at the injury site, whereas hypoalgesia to heat was
observed at the site between the two burn injuries. Adapted from Raja et al. [115].
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Figure 3.

Sodium channels (Nay1.7) expressed in human dorsal root ganglion (DRG) neurons and
satellite cells contribute to ectopic spontaneous activity. The top panel shows a schematic
representation of increased Na, 1.7 ion channel expression in DRG cells, based on
immunohistochemical studies. The expression of Na, 1.7 was significantly higher in DRG
cells with spontaneous activity (SA) than in those without SA. Selective blockade of the Na
channel results in suppression of SA. The bottom panel shows a representative recording of
a DRG neuron from a patient with cancer-related neuropathic pain shows that SA is
suppressed by bath application of the selective Na, 1.7 blocker Pro-TX II. Activity recovers
after wash-out of the drug from the bath. SA was observed only in human DRG neurons
collected from dermatomes where patients had a history of radiating pain and/or
radiographic evidence of nerve root compression. Adapted from Li Y et al. [86], courtesy
Drs. Y. Li and P.M. Dougherty.
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Sites in the peripheral nervous system where spontaneous and ectopic activity and
hyperexcitability may represent potential targets for developing neuropathic pain therapeutic
strategies. (1) In the periphery, hyperactivity in nociceptive afferent fibers may develop from
several mechanisms. Wallerian degeneration of the distal part of the injured nerve exposes
axons from uninjured portions of the nerve to a milieu of cytokines and growth factors that
sensitize nociceptors and cause sprouting of terminals. In addition, afferent terminals dying
back from the epidermal innervation may be potential sites of ectopic activity in idiopathic,
toxic, and HIV neuropathies. (2) Localized axon demyelination in peripheral nerves may
represent sites of ectopic activity in metabolic neuropathies. (3) Ectopic activity and
sensitivity to mechanical stimuli develop at the site of nerve injury/neuroma. (4)
Spontaneous neural activity develops in dorsal root ganglia (DRG) at the injury level owing
to dysregulation of ion channels, loss of trophic support from the periphery, and changes in
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gene regulation. (5) Increased trophic factors transported from the periphery may cause
hyperactivity in the uninjured DRG owing to altered expression of different molecules.
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