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A novel approach to completely alleviate peripheral neuropathic pain in human patients: insights from preclinical data
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Neuropathic pain is a pervasive health concern worldwide, posing significant challenges to both clinicians and neuroscientists. While acute pain serves as a warning signal for potential tissue damage, neuropathic pain represents a chronic pathological condition resulting from injury or disease affecting sensory pathways of the nervous system. Neuropathic pain is characterized by long-lasting ipsilateral hyperalgesia (increased sensitivity to pain), allodynia (pain sensation in response to stimuli that are not normally painful), and spontaneous unprovoked pain. Current treatments for neuropathic pain are generally inadequate, and prevention remains elusive. In this review, we provide an overview of current treatments, their limitations, and a discussion on the potential of capsaicin and its analog, resiniferatoxin (RTX), for complete alleviation of nerve injury-induced neuropathic pain. In an animal model of neuropathic pain where the fifth lumbar (L5) spinal nerve is unilaterally ligated and cut, resulting in ipsilateral hyperalgesia, allodynia, and spontaneous pain akin to human neuropathic pain. The application of capsaicin or RTX to the adjacent uninjured L3 and L4 nerves completely alleviated and prevented mechanical and thermal hyperalgesia following the L5 nerve injury. The effects of this treatment were specific to unmyelinated fibers (responsible for pain sensation), while thick myelinated nerve fibers (responsible for touch and mechanoreceptor sensations) remained intact. Here, we propose to translate these promising preclinical results into effective therapeutic interventions in humans by direct application of capsaicin or RTX to adjacent uninjured nerves in patients who suffer from neuropathic pain due to peripheral nerve injury, following surgical interventions, diabetic neuropathy, trauma, vertebral disc herniation, nerve entrapment, ischemia, postherpetic lesion, and spinal cord injury.
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Introduction

The suffering associated with chronic pain remains one of the most challenging health issues in contemporary medicine. Acute physiological pain is an important alarm signal to alert us of potential injuries. However, neuropathic pain is a chronic pathological condition that develops subsequent to a lesion or disease affecting the somatosensory nervous system (Campbell and Meyer, 2006). Tissue/nerve injury, nerve compression, diabetes mellitus, inflammation, infections (e.g., herpes zoster), malignancies and autoimmune diseases can all result in neuropathic pain. The most common clinical presentations of neuropathic pain are: (1) long-lasting ipsilateral hyperalgesia (increased sensitivity to pain sensation); (2) allodynia (Pain due to a stimulus that does not normally provoke pain induced by light touch, brushing and stroking the skin, gentle pressure application to the body, warm or cold stimuli applied to the skin) and (3) spontaneous unprovoked pain (Campbell and Meyer, 2006). Neuropathic pain, therefore, has a significant and profound negative impact on patients’ quality of life, encompassing their social, economic, and psychological well-being.

The prevalence of neuropathic pain in the general population is alarmingly high, with estimates ranging from approximately 1% to as much as 7–10%. This incidence increases significantly when considering conditions such as diabetes, herpes zoster/shingles, and post-surgical pain (Bates et al., 2019). Despite advances in understanding the complex neurobiology of pain, effectively treating neuropathic pain remains a challenge, as many patients still experience insufficient relief (Cruccu and Truini, 2017; Finnerup, 2019; van Velzen et al., 2020; Finnerup et al., 2021; Shinu et al., 2022).



A brief synopsis of the current treatments available for neuropathic pain and their associated limitations


Pharmacological treatments

Pharmacological treatment is typically the first line of management of neuropathic pain. Various classes of drugs, including tricyclic antidepressants (amitriptyline and nortriptyline), serotonin-norepinephrine reuptake Inhibitors (duloxetine and venlafaxine), N-methyl-D-aspartate (NMDA) Receptor antagonists (ketamine), opioid analgesics (tramadol and oxycodone) and anticonvulsants/calcium channel α2-δ ligands (Gabapentin, pregabalin and Carbamazepine) are commonly used (Finnerup, 2019).


Limitations

These drugs are usually used only for short periods (not exceeding 4–8 weeks). To achieve sufficient pain relief, high doses of the medications are often needed. This can invoke many undesirable and limiting side effects (Baron et al., 2010). The problem is compounded in up to 45% of cases where patients are treated with two or more drugs (Simopoulos et al., 2008). Pharmacological treatments are usually terminated because they provide inadequate pain-relief, unacceptable side effects, or a combination of both (Baron et al., 2010; Finnerup et al., 2015, 2021; Finnerup, 2019).




Ion channels

Ion channels are essential in defining the fundamental properties of cell membranes. Neurons use various ion channels such as sodium (Na+), calcium (Ca2+), potassium (K+) and chloride (Cl−), which regulate electrical potentials and affect the neurotransmission in the central as well as the peripheral nervous system. Therefore, it is not surprising to find that ion channels play a significant role in the transmission and modification of acute pain sensation and might contribute to the development of neuropathic pain.

Nine types of voltage-gated Na+ channels (Nav1.1 to Nav1.9) have been identified (Waxman and Zamponi, 2014). Of these, Nav1.7, Nav1.8, and Nav1.9 are prevalent in the adult dorsal root ganglion (DRG) neurons, suggesting their possible involvement in the sensitization of sensory neurons in neuropathic pain (Dib-Hajj et al., 2015; Stevens and Stephens, 2018; Bennett et al., 2019; McDermott et al., 2019). Consequently, Nav1.8 blocker (PF-04531083, Pfizer) and Nav1.7 blocker (CNV1014802, known as raxatrigine, Convergence Pharmaceuticals) are under clinical trials. The former is being tested for its potential in treating diabetic neuropathy, while the latter is being evaluated for its efficacy in treating trigeminal neuralgia and lumbosacral radiculopathy.

Ca2+ channels are crucial in regulating sensory functions related to the transduction, transmission, processing, and modulation of pain signals (Yaksh, 2006). Three subtypes based on the pore-forming α1 subunit, calcium voltage-gated channel subunit alpha G (Cav3.1), calcium voltage-gated channel subunit slpha1 H (Cav3.2), and calcium voltage-gated channel subunit alpha1 I (Cav3.3) have been identified (Catterall et al., 2005; Iftinca, 2011) and have also been shown to play important roles in neuropathic pain (Luo et al., 2001; Feng et al., 2019).

K+ channels are essential for regulating neuronal excitability. Various subclasses of voltage-gated potassium channels (Kv), such as Kv1.1, 3.3, 3.4, 4.1, 4.2, 4.3, and 9.1, have been expressed in sensory neurons. Research suggests that dysfunction in any of these channels could potentially contribute to the onset of neuropathic pain (Rasband et al., 2001; Chien et al., 2007; Tsantoulas et al., 2012; Tsantoulas and McMahon, 2014; Smith, 2020; Kanda et al., 2021).

Table 1 summarizes various studies demonstrating the involvement of Na+, Ca2+, and K+ channels in neuropathic pain. The methods used to alleviate neuropathic pain in these studies typically include pharmacological approaches, such as channel blockers and inhibitors. These methods provide insights into how altering the function of Na+, Ca2+, and K+ channels can affect neuropathic pain states, potentially leading to the development of novel therapeutic approaches.



TABLE 1 This table presents an overview of studies examining Na+, K+, Ca2+ ion channel modulation for neuropathic pain treatment across various animal models.
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Limitations

Sodium channel blockers are associated with adverse effects like double vision, delirium, and somnolence (Shinu et al., 2022). Despite over 15 years of extensive research leading to the development of several highly potent and selective NaV1.7 channel inhibitors, there have been limited instances where these inhibitors have effectively provided pain relief in preclinical models or human clinical trials (Eagles et al., 2022).

Currently, no analgesic medications alter pain signaling via potassium channels (Shinu et al., 2022).

The translation of these studies presents difficulties since animal models do not accurately represent complex pain states (Smith, 2023), and pain cannot be resolved through a single target due to its multifactorial nature.

Further research could advance the development of innovative and effective pain-relieving medications.




Interventional therapies

Epidural steroid injections have been used in persistent radiculopathy due to herniated lumbar disc (Zhang et al., 2024).


Limitations

In practice, epidural injections may generally provide limited short-term relief, and a recent review concludes that there is insufficient evidence to support the assertion that epidural steroid injections produce significant effects compared to saline (de Bruijn et al., 2021).




Neurostimulation

Recent studies have explored direct stimulation techniques for treating neuropathic pain. These methods involve using a compact electrical device to administer stimulation pulses with different intensities and frequencies directly to the spinal cord or dorsal root ganglia (Joosten and Franken, 2020; Abd-Elsayed et al., 2024; Sammartino et al., 2024).

Pulsed radiofrequency (PRF) is a nondestructive radiofrequency technique that passes an electrical field across the nerve, thereby exerting neuromodulatory effects on synaptic transmission. In this type of treatment radiofrequency generator is used to deliver stimulation through a needle introduced through a cannula aimed at the corresponding DRG (Simopoulos et al., 2008; Horan et al., 2021).

Radiofrequency (RF) denervation is a destructive technique where heat ablates the offending nerve. Lesioning of the primary neurons in the dorsal root ganglion can be used as an option for the treatment of radiculopathy (Walsh et al., 2022).


Limitations

In addition to requiring specialized skills and surgical procedures, spinal cord stimulation therapy faces significant challenges, such as a decline in efficacy over time and stimulation habituation (Sammartino et al., 2024). This type of treatment may lead to significant complications, including therapy habituation, electrode damage and disconnection, and unpleasant sensations of paresthesia (Joosten and Franken, 2020; Shinu et al., 2022). Furthermore, there is a need for clinical trials that are not sponsored by industry (Sammartino et al., 2024).

DRG stimulation requires specialized surgical procedures and the expertise of experienced neurosurgeons. Although it can be effective for some conditions, in majority of patients the beneficial effects of this treatment were lost after 8 months (Simopoulos et al., 2008).

Additionally, the implantation of electrodes into sensory pathways carries the risk of causing necrotic damage, potentially exacerbating neuropathology. The evidence supporting the effectiveness of direct dorsal root ganglion stimulation for relieving neuropathic pain remains, at best, inconclusive (Horan et al., 2021).

Furthermore, evidence for how effective RF denervation of the DRG for treating radiculopathy is limited (Bates et al., 2019).




Repetitive transcranial magnetic stimulation (rTMS)

rTMS of the primary motor cortex (M1) is a noninvasive brain-stimulation method that has attracted attention as an alternative treatment for intractable neuropathic pain (Lefaucheur et al., 2014; Attal et al., 2021). This technique employs a brief, high-intensity magnetic field applied to the cerebral cortex to produce induced currents. It modifies the action potential of cortical nerve cells, depolarizes neurons in the targeted brain region, and results in neuroplastic changes.


Limitations

Despite its promising potential therapeutic effects, recent randomized controlled clinical studies have shown that rTMS does not significantly relieve neuropathic pain (Hosomi et al., 2020; Mori et al., 2024).




Topical treatment with capsaicin

While the topical application of capsaicin (CAPS, trans-8-methyl-N-vanillyl-6-nonenamide) to the skin initially induces a burning pain sensation, this is followed by prolonged attenuation of pre-existing pain from the same region. It has therefore been used widely as a tool for producing and treating pain in clinical and preclinical studies. Either a low dose of CAPS cream (<1% applied 2–3 times per day for 6–8 weeks) or a higher dose (8% as a single application) have been used as topical treatments for neuropathic pain (Anand and Bley, 2011).


Limitations

Again, evidence for the effectiveness of topical CAPS is equivocal. A Cochrane Database review concluded that low concentrations of topical CAPS fared no better than placebo creams (Derry and Moore, 2012). However, a later systematic review (Derry et al., 2017) reported that high-concentration topical CAPS can be helpful for approximately 10% of neuropathic pain patients.




Botulinum toxin-A

Botulinum toxin (BoNT) is a neurotoxic protein produced by the bacterium Clostridium botulinum. It is the causative agent of botulism, a form of food poisoning. Based on its known action in blocking the release of acetylcholine at neuromuscular junctions, BoNT/A has been used to treat a wide variety of conditions, including muscle spasticity associated with central nervous system (CNS) disorders (Charles, 2004). In addition, studies conducted in animals and humans have shown that BoNT/A can effectively treat some forms of neuropathic pain (Finnerup et al., 2015).


Limitations

Precise perineural, high-resolution, ultrasound-guided BoNT/A injection reduced pain intensity by ≥30% in approximately 60% of patients tested, with 40% failing to respond (Meyer-Frießem et al., 2019). Thus, evidence for the efficacy of this treatment is also equivocal.

The conclusion is that many of the current treatments for neuropathic pain provide incomplete relief to a variable subset of patients. There remains, therefore, a pressing unmet need for more effective treatments for neuropathy patients who suffer from this most debilitating chronic condition (Smith, 2023). Developing novel therapeutic interventions to control neuropathic pain is therefore critical (Finnerup et al., 2015; Finnerup, 2019; van Velzen et al., 2020; Smith, 2023).

This review aims to evaluate a promising treatment developed in our laboratory, as well as in others, for the control of neuropathic pain. Notably, we present a novel approach for treating and preventing neuropathic pain in animal models, with the goal of translating it to clinical applications for patients suffering from this debilitating condition. To fully comprehend the novel and innovative nature of this approach it is essential to have a fundamental understanding of the neurobiology of pain.




The neurobiology of pain

Pain is typically experienced when nociceptive (pain-related) information from peripheral sources, such as the skin, joints, bones, and viscera, is transmitted via the spinal cord to the brain. This process involves a sequence of at least three classes of neurons (primary, secondary, and tertiary) that relay pain signals to central processing centers in the brain, including the thalamus and somatosensory cortex:

i. Primary afferents transmit pain sensations from the periphery to neurons in the spinal cord, located in the superficial layers of the dorsal horn.

ii. Secondary dorsal horn neurons project signals to the thalamus.

iii. Subsequently, tertiary thalamic neurons then project to the somatosensory cortex (Figure 1).
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FIGURE 1
 A schematic diagram showing that the transmission of the sensory information from the periphery reaches the brain through three sequentially connected neurons: primary (red, located in the DRG), secondary (blue, located in the dorsal horn of the spinal cord), and tertiary (green, located in the thalamus).


Our laboratory focuses on the critical neural processes between primary and secondary afferents in the dorsal horn of the spinal cord.


Role of neuronal circuits in the dorsal horn of the spinal cord in pain transmission

Examination of a cross-section of the spinal cord reveals a central H-shaped gray matter (consisting of mainly cell bodies) surrounded by white matter (nerve fibers) (Figure 2A). The gray matter is divided into dorsal (top) and ventral horns (bottom), which are also divided into 10 laminae (layers) (Figure 2B).
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FIGURE 2
 (A) A diagram illustrating a cross-section of the spinal cord, showing the formation of a peripheral spinal nerve. Pain sensory information from the periphery terminates in the dorsal horn of the spinal cord via the primary neurons, whose cell bodies are located in the dorsal root ganglion (DRG). (B) The gray matter of the spinal cord is organized into 10 laminae, with pain sensory fibers (red) terminating predominantly in the superficial laminae (I-II).


Laminae I-VI are located in the dorsal horn, with lamina I being the most dorsal (superficial) layer. Lamina I and II (together known as substantia gelatinosa) receive and modulate afferent pain information from the periphery (Figure 2B).



Primary afferent neurons

The cell bodies of primary afferent neurons, which transmit pain information from peripheral sites to the spinal cord, are located in the DRG (Figure 2A). These neurons are typically subdivided into small, medium and large cells characterized by a unique morphology that includes two arm-like processes: peripheral and central. The peripheral processes have sensory endings in the skin, joints and muscles, transmitting pain information to the cell bodies situated in the DRG. The central process extends from the cell body to the dorsal horn neurons in the spinal cord (Figure 2A). In this region, the branching of DRG terminals is highly organized (Figure 2B). Small and medium-sized neurons in the DRG (the red neurons in Figure 2B) give rise to the unmyelinated C and thin myelinated Aδ fibers associated with pain transmission. These fibers predominantly terminate in the superficial layers (laminae I and II) of the dorsal horn.

To study pain transmission, it is essential to identify pain-related neurons in the laboratory. The most commonly used procedures are those which detect neuron-specific intracellular substances known as neuropeptides, which can be identified histochemically. These include calcitonin gene-related peptide (CGRP), substance P (SP), the CAPS-sensitive ion channel receptor transient receptor potential vanilloid subfamily type 1 (TRPV1), and isolectin B4 (IB4). Experiments have demonstrated that these substances are localized in small-and medium-sized neurons in the DRG, which have central nerve terminals in laminae I and II of the dorsal horn (Shehab et al., 2004, 2015; Shehab, 2014; Javed et al., 2020, 2022). In contrast, they are absent in large DRG neurons that possess thick myelinated Aβ nerve fibers and predominantly terminate in the deeper layers (laminae III and IV and beyond) of the spinal cord (black neurons in Figure 2B; Javed et al., 2020). These larger DRG neurons are associated with the transmission of mechanoreceptor and touch information (Todd, 2010).



Capsaicin (CAPS)

The Nobel Prize for the year 2021 in Physiology and Medicine was awarded to Professors David Julius and Ardem Patapoutian in recognition of their discoveries of the receptors for temperature and touch. Professor Julius worked to identify the receptor for CAPS, an active component in hot red peppers that causes a painful burning sensation. They used CAPS to identify its endogenous receptor Transient Receptor Potential Vanilloid 1 (TRPV1), an ion channel activated by painful heat. The prize committee reported that this discovery “is being used to develop treatments for a wide range of disease conditions, including chronic pain.” This review proposes to translate the preclinical results using CAPS and its highly potent analog resiniferatoxin (RTX) from rodents to humans to provide a novel, clinically effective treatment of chronic neuropathic pain.

When administered directly onto peripheral nerves, CAPS has paradoxical dual actions. Topical application of capsaicin has been demonstrated to induce a burning sensation by activating the TRPV1 ion channel in human skin and mucous membranes. However, after this initial activation, the threshold for painful stimuli rises, resulting in desensitization (Jancśo et al., 1980; Szolcsányi, 2014). As a result, capsaicin and its highly potent analog, resiniferatoxin (RTX), have been extensively utilized in both clinical and preclinical research for pain management (Brown, 2016; Fattori et al., 2016; Moran and Szallasi, 2018; Sapio et al., 2018; Iadarola et al., 2021).

An early investigation reported that peripheral application of CAPS had been shown to produce selective thermal and chemical analgesia accompanied by the abolition of neurogenic inflammation in the skin area supplied by the treated nerve (Jancsó, 1992). Moreover, following the local administration of CAPS to the sciatic nerve, the neuropeptide SP was depleted in the skin, the DRG and the superficial layers of the dorsal horn of the spinal cord (Gamse, 1982).

CAPS blocks the transmission of pain information along the unmyelinated pain-related C-fibers of the small DRG neurons. This happens within minutes following perineural exposure to CAPS (33 mM ~ 1%). Larger A-fibers associated with tactile (touch) appear to exhibit greater resistance to this blocking action (Szolcsányi, 2014). This selectivity for pain transmission has been demonstrated by showing preserved responses to touch in CAPS-treated animals (Javed et al., 2020).

The mechanism of action of CAPS and its analog RTX is to operate through the TRPV1 receptors, identified by the recent Nobel laureates. These receptors are located on GRG neurons, which give rise to C-fibers with unmyelinated axons. Thus, perineural treatment of the sciatic nerve with 1% CAPS produced a rapid decrease in TRPV1 mRNA and protein expression in the DRG (Szigeti et al., 2012). This downregulation of TRPV1 in the DRG neurons was associated with reduced responses to thermal pain and a reduction in thermal hyperalgesia. These findings suggest that the analgesic action of CAPS operates, at least in part, through the TRPV1 receptor.




Preclinical model for the suppression of neuropathic pain

Human experimental pain models, particularly those utilizing contemporary imaging techniques, have significantly contributed to our understanding of the neural systems that process pain. However, investigating the mechanisms by which pain information is processed within these systems typically requires invasive experimentation that cannot be conducted with human subjects. As a result, animal models are widely employed to study pain mechanisms, including those associated with neuropathic pain.

It is widely accepted that neuropathic pain represents a pathological response to injury within the somatosensory system (Campbell and Meyer, 2006). Consequently, most animal models of this condition involve experimental injury to peripheral nerves (Ossipov and Porreca, 2013). For instance, neuropathic pain in animals can be induced by constriction (ligation) and/or severance of nerves, which is a commonly used model (Ho Kim and Mo Chung, 1992). In this model, the fifth lumbar (L5) spinal nerve is ligated and cut, leading to the development of ipsilateral hyperalgesia, allodynia in the hind paw, and spontaneous pain in rats.

Using this model, an important anatomical discovery has provided a critical foundation for the novel approach proposed in this review. It was found that unmyelinated pain-related primary afferents from adjacent spinal nerves intermingle as they terminate in the spinal dorsal horn (Shehab et al., 2008). This indicates that the spinal terminations of pain-related afferents from the L4 and L5 spinal nerves overlap in the dorsal horn at the L3-L5 spinal levels (Figure 3). This suggests that a single neuron in the dorsal horn of the spinal cord may receive pain-related afferent signals from two or more adjacent nerves (Shehab et al., 2008). The resulting hypothesis posits that this anatomical overlap of incoming pain information could contribute to the neuropathic pain that develops following injury to just a single afferent nerve (Shehab et al., 2008). Specifically, the idea is that the response of adjacent but uninjured primary afferents may play a critical role. This proposal shifted the prevailing focus from a widely accepted peripheral mechanism to a central one in the dorsal horn of the spinal cord.
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FIGURE 3
 The primary afferents of two adjacent peripheral nerves were identified by two distinct tracers: IB4 (green in color), injected into the L4 nerve, and WGA (red in color), injected into the L5 nerve. The nerve terminations of the L4 primary afferents were observed in the dorsal horn of the corresponding L4 segment, extending into two rostral segments (L2 and L3) and one caudal segment (L5). Similarly, the nerve terminations of the L5 primary afferents were observed in the L5 segment, extending rostrally into the L3 and L4 segments and caudally into the L6 segment. Notably, there is significant overlap between the central terminals of the L4 and L5 spinal nerves within the dorsal horn of the L4 segment (Shehab et al., 2008).


The next step in testing the hypothesis was to determine whether the ligation of one afferent nerve produced measurable changes in the neurochemistry of overlapping territories in the dorsal horn (Figure 3). The results indicated a significant downregulation of several markers (IB4, CGRP, and SP) and upregulation of others [vasoactive intestinal polypeptide (VIP), neuropeptide Y (NPY), and neurokinin-1 receptor (NK1r)]. Importantly, these changes occurred not only in the L5 segment where the ligated L5 nerve terminates, but also in the adjacent segments (L3, L4, and L6). These findings further support the notion that the observed changes in these neurochemical and neuroplastic markers may represent a critical substrate for the central sensitization observed in denervated regions of the dorsal horn (Shehab, 2014). Thus, sensitized projection neurons in the L4 segment, resulting from adjacent L5 denervation, may be responsible for the exaggerated responses to painful and tactile stimuli applied to regions of the skin innervated by the uninjured L4 nerve (Figure 4). This framework aligns with the requirement that hyperalgesia and allodynia necessitate an intact nerve to conduct noxious and tactile information from the hind paw skin to the spinal cord. Therefore, when the L5 nerve has been ligated, the adjacent L4 nerve is the most likely candidate to mediate the resulting neuropathic pain. Additional evidence arises from a subsequent anatomical investigation, in which the phosphorylation of extracellular regulated kinases (pERK) was used as a marker for pain activity. The findings demonstrated that hypersensitivity in the uninjured L4 spinal nerve significantly contributed to the development of hyperalgesia in the hind paw skin following L5 nerve injury in rats (Shehab et al., 2015).
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FIGURE 4
 A schematic diagram illustrates how the intermingling of primary afferents from two adjacent peripheral nerves may explain the manifestations of neuropathic pain following peripheral nerve injury. Injury to the L5 nerve sensitizes the projection neurons (shown in black in the dorsal horn) in its corresponding spinal segment as well as in the two rostral segments (L3 and L4). Stimulation of the uninjured L4 nerve then leads to overactivation and hypersensitivity via the sensitized projection neurons in the L4 spinal segment, likely resulting in hyperalgesia (adapted from Shehab, 2014).


To determine whether this is true, the final step was to establish whether the uninjured L4 nerve plays a critical role in mediating the neuropathic response following L5 injury. We utilized the selective pain-blocking properties of CAPS to inactivate the intact L4 nerve (with CAPS or RTX) following L5 nerve injury (Javed et al., 2020). The results demonstrated that the neuropathic pain induced by adjacent L5 nerve injury was significantly reduced. Compared to the contralateral side or vehicle treatment, applying both CAPS and RTX to the uninjured L4 nerve reliably decreased hypersensitivity to thermal and mechanical pain following L5 nerve injury (Javed et al., 2020). It was noted, however, that these treatments suppressed but did not completely abolish the increased sensitivity to pain following L5 nerve ligation. Based on previous anatomical findings showing substantial overlap (Shehab et al., 2008), both the L4 and L3 nerves were inactivated after L5 nerve ligation rather than just the L4 nerve (Figure 5). Over a period of 28 days, this treatment completely blocked measures of neuropathic pain (i.e., hypersensitivity to thermal and mechanical pain; Javed et al., 2020).
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FIGURE 5
 This schematic diagram illustrates how applying RTX to uninjured peripheral nerves alleviates nerve-injury-induced neuropathic pain. The plantar skin of the rat is innervated by the L3 nerve (green), which is supplied through the saphenous branch of the femoral nerve, as well as by the L4 (red) and L5 (blue) nerves, which are part of the sciatic nerve. The blue, red, and green labeled nerves on the skin indicate overlapping dermatomes of L3-L5 nerves in the plantar skin. Injury to the L5 nerve results in neuropathic pain in the plantar skin of the hind paw (tested area). The application of RTX to the uninjured L4 nerve significantly reduces this neuropathic pain. Notably, administering RTX to both the uninjured L3 and L4 nerves completely alleviates the neuropathic pain following L5 nerve injury.




Effects of perineural application of RTX to intact peripheral nerves on normal pain behavior

Although TRX treatment alleviates and prevents nerve-injury-induced neuropathic pain, its similar application in normal rats without nerve injury did not produce significant differences in the responses of animals to thermal and mechanical stimuli (Jang et al., 2007; Javed et al., 2020; Shehab et al., 2023).

To achieve complete relief and prevent the development of neuropathic pain symptoms following L5 nerve injury in rats, perineural application of RTX to both the L3 and L4 nerves was necessary (Javed et al., 2020; Shehab et al., 2023). Notably, when RTX was administered to the uninjured normal L3-L5 nerves, which innervate the plantar skin of the rat (Takahashi et al., 1994, 2002; Javed et al., 2020), no significant variation in withdrawal latency to thermal and mechanical stimuli was observed compared to the untreated hind paw (Javed et al., 2020). Similarly, an investigation revealed that applying capsaicin exclusively to the L4 nerve did not affect mechanical sensation (Jang et al., 2007). In another approach, the intrathecal administration of RTX in rats eliminated TRPV1 immunoreactivity in the dorsal horn of the spinal cord and prevented inflammatory hypersensitivity but had no effect on acute thermal and mechanical sensitivities (Bishnoi et al., 2011). These findings suggest that responses to thermal and mechanical stimuli remained within normal ranges for up to 28 days post-treatment (Javed et al., 2020). Additionally, other studies have reported that perineural application of RTX effectively inhibits inflammatory hypersensitivity while minimally impacting normal thermal and mechanical sensations (Neubert et al., 2008).

This is supported by the fact that TRPV1-deficient mice exhibited typical reactions to acute noxious stimuli but failed to develop thermal hyperalgesia induced by carrageenan (Davis et al., 2000; Woodbury et al., 2004). Interestingly, these mice displayed only slight behavioral responses to intense radiant heat or harmful temperatures exceeding 50–52°C (Caterina et al., 1999; Marics et al., 2014). The limited impact on normal sensation suggests that the role of TRPV1 may be more critical in chronic pain conditions than in the perception of acute pain stimuli (Woodbury et al., 2004; Javed et al., 2020). Furthermore, these findings underscore the potential dissociation between the transmission of normal physiological pain and the abnormal hyperalgesia observed in neuropathic pain. From a therapeutic perspective, leveraging this dissociation may prove advantageous in the effective management of chronic pathological neuropathic pain (Javed et al., 2020; Shehab et al., 2023).



Mechanisms of action of CAPS and RTX in completely relieving neuropathic pain

Several mechanisms are required to explain how the application of RTX to the uninjured L4 nerve significantly reduces neuropathic pain following L5 nerve injury (Javed et al., 2020, 2022; Shehab et al., 2023).

Despite earlier reports suggesting that capsaicin and RTX exert their analgesic effects through nerve degeneration (Jancsó and Lawson, 1990; Pini et al., 1990), other studies reported no changes (Kissin et al., 2007a,b; Oszlács et al., 2015). Furthermore, our recent light microscopy (LM) and electron microscopy (EM) works demonstrated that the perineural application of RTX (0.002 and 0.008%) to the L4 nerve does not induce any damage to the unmyelinated axons of the treated nerve or the corresponding DRG (Javed et al., 2020; Shehab et al., 2023). These results indicate that the analgesic effects of perineural RTX application, which alleviate and prevent nerve injury-induced neuropathic pain, cannot be attributed to nerve degeneration (Javed et al., 2020; Shehab et al., 2023).

TRPV1 is a well-characterized heat receptor which is mainly expressed in small-sized sensory neurons in the DRG and unmyelinated peripheral nerves (Caterina et al., 1999; Ichikawa and Sugimoto, 2001; Hironaka et al., 2014; Brown, 2016; Javed et al., 2020). Local application of RTX produced neuroplastic changes in the corresponding DRGs and spinal cord segments, including the downregulation of TRPV1 itself and upregulation of VIP and ATF3 (Javed et al., 2020, 2022). Therefore, the downregulation of TRPV1 following the perineural and cutaneous application of RTX could explain the suppression of thermal hyperalgesia (Javed et al., 2020, 2022). However, the reduction of mechanical hyperalgesia is more likely to be associated with a downregulation of other nociceptive transmitters that colocalize with TRPV1 in the DRG. Indeed, RTX caused the downregulation of both CGRP and IB4 in the DRG (Javed et al., 2020). A follow-up investigation in our laboratory demonstrated that RTX treatment also leads to the downregulation of various other voltage-gated ion channels, including Nav1.9 (Figure 6; Shehab et al., 2023), Kv4.3, and Cav2.2 in the DRG, all of which are associated with pain perception and transmission (Shehab et al., 2023). In contrast, perineural RTX treatment did not alter the levels of Piezo2 or Kv1.1 (markers for mechanoreceptors) or Kir4.1 (a marker for satellite cells) in the DRG (Shehab et al., 2023). Significantly, this downregulation would suppress the excitability of DRG neurons, which is expected to reduce both thermal and mechanical hyperalgesia. Additionally, RTX has been shown to silence its specific receptor (TRPV1) and other relevant neuropeptides and neurotransmitters in the same DRG neurons. This led to the proposal that RTX has a common denominator mechanism of action by which it causes remarkable down-regulation of the TRPV1 receptor as well as many other nociceptive mediators that are mainly found in TRPV1-containing neurons and involved in pain transmission and modulation (Shehab et al., 2023).
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FIGURE 6
 Representative images of double immunofluorescent labeling showing that RTX application on the L4 nerve causes down-regulation of both Nav1.9- (G) and Trpv1- (H) immunoreactivities in the neurons of the corresponding DRG compared with the right control (A,B) and vehicle-treated L4 DRGs (D,E). (C,F,I) Are merged images. Scale bar = 50 μm (Shehab et al., 2023).




Novel aspects of treating neuropathic pain

1. Using an innovative approach and novel procedures that can completely abolish neuropathic pain in a widely used preclinical animal model have been discovered. To put this in context, studies of human neuropathic pain treatments are considered effective if they produce a 30–50% reduction in pain measures (Attal, 2011).

2. This novel approach abolishes neuropathic pain by treating the uninjured nerves directly adjacent to the injured one responsible for the neuropathy.

3. Low doses of a comparatively inexpensive analog of CAPS, RTX was shown to be 100% effective.

4. The action of RTX is specific to chronic neuropathic pain-neurotransmission in nerves responsible for acute pain, leaving proprioception and touch unaffected.

5. RTX treatment is safe insofar as it does not cause unwanted behavioral deficits or signs of physical damage when administered to uninjured nerves in control animals (without L5 nerve injury and neuropathic pain).



Translation of critical preclinical results to human patients


What is unique about this treatment?

In light of the findings on the treatment of neuropathic pain in animals, a proposal has been put forth to test the feasibility of applying this approach to the treatment of neuropathic pain in humans. The distinctive features of this ambitious translational proposal are as follows:

1. The traditional use treatment of topical creams and patches would be replaced by peri-neuronal injections of RTX.

2. The injections would be targeted at uninjured nerves adjacent to the injury site rather than the area(s) or parts of the body where the pain is felt (Figure 7).

3. The locations of the proposed injection sites are illustrated in Figure 7. Care would be taken to ensure that both nerve fibers and neuronal cell bodies in the DRG were exposed to RTX. The surgical procedures required would be both simple and cheap.

4. Rather than replicate the partially effective treatments that are currently available (30–50% reduction in pain measures), we intend to produce a complete block of neuropathic pain.

5. The pain-specific nature of our treatment means that other sensory and motor functions should remain unaffected.

6. The analgesic effect would be expected to last at least for several months.

[image: Figure 7]

FIGURE 7
 A schematic diagram illustrates two approaches for treating neuropathic pain in human patients based on preclinical findings. (A) In Approach 1, for cases where the peripheral nerve is partially damaged, an injection of RTX is recommended into the injured L5 nerve as well as the two uninjured rostral nerves, L3 and L4. (B) In Approach 2, for cases where the peripheral nerve is completely damaged, an injection of RTX is recommended into the two uninjured rostral nerves, L3 and L4 (Shehab et al., 2023).


Figure 7 summarizes the proposed treatment strategies for neuropathic pain resulting from partial or complete peripheral nerve injury, which may occur due to trauma, surgery, vertebral disc herniation, nerve entrapment, ischemia, or postherpetic lesions. This approach may also be applicable for managing chronic pain associated with diabetic peripheral neuropathy and spinal cord injury. Severe neuropathic pain, a frequent and debilitating outcome of spinal cord injury, remains challenging to treat (Shiao and Lee-Kubli, 2018). Patients with spinal cord injury typically experience pain in a segmental distribution involving one or more dermatomes both above and below the spinal lesion (Bryce et al., 2012). This pattern may be explained by our earlier findings, which suggest that overlapping of the injured and uninjured primary afferents across two spinal segments above and one segment below the lesion plays a key role (Shehab et al., 2008, 2015). Based on this, we propose that perineural injection of RTX into a few peripheral nerves surrounding the spinal lesion could effectively treat neuropathic pain in spinal cord injury patients.



Perineural RTX injection in human patients to relieve neuropathic pain

It is essential to determine whether procedures developed in animal models can be successfully translated to the clinic to treat neuropathic pain in human patients, where current treatments have proven ineffective. Several key issues must be considered. First, there are technical challenges in determining the most effective method for administering RTX to the nerves adjacent to the damaged ones. Two strategies will be employed to guide precise RTX injection placement: (i) the use of anatomical landmarks and (ii) supplementation with ultrasound imaging for enhanced accuracy.



Detailed therapeutic procedure

Before administering the RTX injection, a thorough sonographic examination will be conducted to locate the injection sites accurately. A diagnostic block using a local anesthetic (0.05–1 mL of 1% ropivacaine) will be applied to the targeted nerves to confirm the scan’s accuracy. The ideal injection site will demonstrate two outcomes: (i) alleviation of the patient’s neuropathic pain and (ii) suppression of any discomfort from the RTX injection itself. Once a suitable target has been identified, a follow-up session will be conducted, during which the appropriate amount of RTX (0.5–1 mL, 0.002%) will be injected, along with the local anesthetic.



Assessment of therapeutic advantage

Quantitative measures of neuropathic pain will be assessed using numerical rating scales (Attal et al., 2021), a widely used method where patients rate their subjective pain on a 10-point scale. Following this procedure (Meyer-Frießem et al., 2019), patients will maintain a pain intensity diary, recording their pain at three specific times daily before and after the RTX injection. Additionally, the intensity of spontaneous pain events will be evaluated pre-and post-RTX injection.

Along with these neuropathic pain assessments, detailed measurements of the patient’s acute pain thresholds and their sensitivity to non-noxious tactile stimulation will be taken. Acute pain thresholds will be evaluated using quantitative sensory testing, which measures cold detection threshold (CDT), warm detection threshold (WDT), cold pain threshold (CPT), and heat pain threshold (HPT). Tactile sensitivity will be assessed using von Frey hairs (Meyer-Frießem et al., 2019).

The initial cohort of patients undergoing this treatment will be closely monitored for 5–7 months to track therapeutic outcomes and assess for any side effects. The goal is to demonstrate that this novel treatment can completely suppress neuropathic pain without negatively affecting the perception of acute pain or touch.



Patient selection criteria

Inclusion Criteria:

1. Age between 20 and 79 years.

2. Presentation with neuropathic pain due to peripheral nerve injury lasting ≥6 months.

3. History of an unsatisfactory response to conventional and non-conventional treatments for peripheral neuropathic pain.

4. Temporary pain relief following the injection of 1% ropivacaine as a diagnostic measure prior to RTX administration.

5. Use as a preventive measure before surgical procedures to mitigate postsurgical pain in patients with unavoidable peripheral nerve injury.

Exclusion Criteria:

1. Presentation with neuropathic pain affecting major parts of the body bilaterally.

2. Neuropathic pain is caused by factors other than localized peripheral nerve injury, such as infection or chemotherapy-induced neuropathy.



Limitations

While the procedure can be performed in an outpatient clinic, patients will need to be admitted to the hospital. Additionally, expertise in ultrasound-guided imaging and injections is essential for the procedure to be carried out effectively.





Conclusion

Neuropathic pain remains a critical and challenging area within neuroscience due to the intricate nature of its underlying pathology and the inadequacies of current treatments. Emerging data demonstrate that applying capsaicin or its potent analog, resiniferatoxin (RTX), to uninjured nerves adjacent to a damaged nerve provides significant, long-lasting pain relief in preclinical models. Preclinical studies show that localized application of these agents can selectively ablate unmyelinated nociceptive fibers while preserving other sensory functions, leading to substantial, sustained pain relief. These findings indicate that the modulation of peripheral nociceptive inputs represents a promising avenue for the development of novel therapeutic strategies for neuropathic pain.



Future perspectives

The transition from preclinical efficacy to clinical applicability is an urgent next step. Future research should prioritize rigorous clinical trials to establish the safety, dosage parameters, and therapeutic potential of capsaicin and RTX in diverse neuropathic pain conditions, including diabetic neuropathy, post-surgical pain, and trauma-induced neuropathy. Further investigation into the long-term effects and potential for repeated treatments will be essential to fully understanding and optimizing these therapies. Advancing our understanding of the molecular specificity of capsaicin and RTX on nociceptive fibers could also lead to novel pharmacological derivatives or combined therapies, offering new opportunities to manage neuropathic pain with higher precision and fewer side effects. These endeavors could ultimately transform the therapeutic paradigm, offering robust and potentially curative interventions for neuropathic pain management.
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