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Abstract: Pain serves as a vital innate defense mechanism that can significantly impact an individual’s quality of life. Understanding the
physiological effects of pain well plays an important role in developing novel pain treatments. Nociceptor neurons play a key role in pain and
inflammation. Interactions between nociceptors and the immune system occur both at the site of injury and within the central nervous system.
Modulating chemical mediators and nociceptor activity offers promising new approaches to pain management. Essentially, the sensory
nervous system is essential for modulating the body’s protective response, making it critical to understand these interactions to discover new
pain treatment strategies. New innovations in neuromodulation have led to alternatives to opioids individuals with chronic pain with
consequent improvement in disease-based treatment and nerve targeting. New neural targets from cellular and structural perspectives have
revolutionized the field of neuromodulation. This narrative review aims to elucidate the mechanisms of pain transmission and processing,
examine the characteristics and properties of nociceptors, and explore how the immune system influences pain perception. It further provides
an updated overview of the physiology of pain and neuromodulatory mechanisms essential for managing acute and chronic pain. We assess
the current understanding of different pain types, focusing on key molecules involved in each type and their physiological effects.
Additionally, we compare painful and painless neuropathies and discuss the neuroimmune interactions involved in pain manifestation.
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Introduction

The nervous system is an incredibly intricate portion of human anatomy that serves four major functions: motion,
sensation, association, and control of homeostasis.' It is broadly characterized into the central nervous system (CNS) and
the peripheral nervous system (PNS); both of which play roles in pain pathways.
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Pain systems are neural circuits responsible for the sensation and perception of pain, as well as the body’s response to
pain. They consist of peripheral neurons (primary afferent neurons) with sets of peripheral receptive elements (nocicep-
tors) that connect in the dorsal horn of the spinal cord with central neuronal relay pathways (secondary afferent neurons)
and integrative neurons that modulate nociceptive signals through excitatory or inhibitory influences at various levels of
the neuraxis.” Nociception encompasses four stages: transduction, transmission, modulation, and perception. During
transduction, a physical or chemical stimulus is converted into an electrical signal that can then be transmitted.
Transmission refers to the movement of this electrical activity through the nervous system. Modulation is the alteration
of neuronal activity through the pathways of transmission. Lastly, perception is when somatosensory transmission results
in the subjective experience of pain.’

When there is traumatic injury and/or persistent inflammatory changes, this can affect the normal pain pathways,
which can result in chronic pain. The progression from acute pain to a chronic pain state involves multilevel changes,
including the primary sensory neuron, spinal cord, and brain.* At the initial site of injury inflammatory mediators are
secreted that stimulate nociceptor activity, this is sometimes referred to as the “Inflammatory soup”. The “inflammatory
soup” is made up of peptides, neurotransmitters, lipid, and neuropeptides that can either activate nociceptors or lower
their threshold to activation leading to increased activation of the a-delta and ¢ fibers and peripheral sensitization occurs.’

Evolution of Neuromodulation to the Current Devices and Waveforms

The application of electrical stimulation for treating chronic pain has been observed since the first century C.E. when it
was observed that contact with electrical fish could relieve gout pain.® The modern application of neuromodulation for
chronic pain began in the 1950s with deep brain stimulation and gained further momentum in the 1960s with the
publication of Melzack and Wall’s gate control theory.®’

Neuromodulation is a broad term that describes the modification of neurological function through delivery of
a stimulus to specific targets.*” The modalities can be electrical, magnetic, chemical, and/or genetic. In chronic pain
management, neuromodulation involves the use of non-invasive, minimally invasive, and/or surgical electrical therapies
to modulate or alter the perception of pain.® Commonly applied techniques of neuromodulation in the treatment of
chronic pain involve spinal cord stimulation, peripheral nerve stimulation, and deep brain stimulation.®

Current neuromodulation devices can be broadly classified as open-loop stimulation or closed-loop stimulation.
Open-loop systems provide a train of impulses to anatomic targets continuously or on a fixed cycle and can be activated/
deactivated and adjusted by either the patient or an operator but do not adjust automatically.®'" Closed-loop systems
adjust their stimulation automatically, in real time, according to some form of clinically relevant physiologic data, such as
postural changes affecting the distance of the epidural electrodes to the spinal cord detected through evoked compound
action potentials.®!!

Traditional spinal cord stimulation, which was the standard treatment for the first four decades of therapy, is open-loop,
low-frequency, and a tonic form of stimulation that is delivered at frequencies ranging from tens to hundreds of hertz, at an
intensity that induces a paresthesia yet does not elicit a motor response or cause discomfort.'' Paresthesia coverage historically
was thought to be of the utmost importance in predicting patient pain relief as documented by Barolat; however, current
research suggests that with certain programs and frequency settings, paresthesia coverage is not required.' Burst stimulation
was initially introduced for chronic neuropathic pain treatment in 2010. It involves delivering a series of high-frequency pulses
periodically at a lower rate.'""'* A meta-analysis comparing burst stimulation to tonic stimulation for the management of
chronic low back pain demonstrated superiority of burst stimulation over tonic stimulation.'> This meta-analysis design
represents the highest level of peer-reviewed evidence and suggests reproducibility.

Sub-perception stimulation, also referred to as paresthesia-free stimulation, is stimulation that does not reach the
threshold of perception (paresthesia), due to low amplitude, waveform design, ultra-low frequency or high-frequency.'!
High-density or high-dose stimulation is a type of stimulation that is meant to provide a higher charge per second (dose)
at a relatively high frequency; typically, with an amplitude that has been adjusted below that which would elicit
a paresthesia.'""'? High-frequency therapy, 10-kHz, utilizes a higher frequency with a shorter pulse-width to obtain
pain relief without eliciting any paresthesia. This form of therapy is paresthesia independent and thus lead placement is
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based solely on anatomical landmarks,'? although some patients do complain of uncomfortable stimulation at very high
amplitudes.

Basic Mechanisms of Pain

Types of Neurons

Neurons are found all throughout the human body and serve a multitude of different sensory and motor functions.
Neurons consist of similar structures: soma (cell body), axon, and dendrites. The three major types of neurons are
sensory, interneurons, and motor. Sensory neurons involved in detecting physical and chemical noxious stimuli are called
nociceptors. They consist of cell bodies that arise in the dorsal root ganglion and axonal processes that travel to the
periphery or centrally into the spinal cord. Nociceptors can be activated by temperature, mechanical, and chemical
stimuli.

Types of Axons

Axons consist of various nerve fibers that conduct action potentials from the terminal dendrites to the axonal terminals or
from one neuron to another.” Nociceptors are primarily characterized by their axonal-free endings, fiber diameter or
conduction velocity.'* The two primary afferent neurons are A8 fibers and C fibers. Type AS fibers are medium diameter
myelinated afferents that convey acute, well-localized, sharp pain. They are the smallest myelinated fibers, with
a diameter of 2-5 um and a conduction velocity of 30 m/s. C fibers are unmyelinated and transmit poorly localized
stimuli, with a slower conduction velocity of 2 m/s. Type Ad fibers are primarily thermal and mechanical nociceptors,
whereas type C fibers are polymodal and respond to thermal, mechanical, and chemical stimuli.

Action Potentials in Neurons

An action potential is a sequence of changes in the voltage across a membrane of a cell that is created by a depolarizing
current. When Na+ ions enter the cell, they result in increase in the voltage in the cell, taking it from its resting potential
to its threshold potential. Once the threshold potential has been reached, complete depolarization occurs. Once peak
potential has been reached, the Na+ channels return to their resting state and K+ channels are activated, resulting in
hyperpolarization.'® The speed of transmission of the action potential is directly correlated to the diameter of the axons
and the presence of myelin.'® Nodes of Ranvier, or gaps in the myelin sheath, allow in an increase in the conduction
velocity. Action potentials ultimately allow for release of terminal neurotransmitters.

Synaptic Transmission in the Synaptic Cleft

Chemical synapses are mediated through the secretion of neurotransmitters at the level of the synaptic cleft.!” Synaptic
signals are received by the terminal dendrites and soma and are transmitted within the neuron via axons. Depolarization
results in an influx of calcium ions into the axon terminal, which bind to the calcium-sensing proteins that directly
interact with soluble-ethylmaleimide-sensitive-factor activating protein receptor (SNARE) proteins. These are respon-
sible for the fusion of the synaptic vesicles, which contain neurotransmitters, to the presynaptic axon terminal membrane,
resulting in release of the neurotransmitters into the synaptic cleft. The neurotransmitters then diffuse across the synaptic
cleft and bind to specific ion channels that are located on the postsynaptic neuron’s membrane.

Routes of Pain Transmission

Transmission is one of the three fundamental steps in the perception of pain. Transmission refers to the relay of the
nociceptive signals from the periphery to the spinal cord. This begins when the primary afferent nociceptors release
neurotransmitters in the dorsal horn, which activate second-order neurons. The second-order neurons cross contralaterally
at the level of the spinal cord and ascend as the spinothalamic tract to project into the brain stem and thalamus.'® Third-
order neurons are located at the level of the thalamus and project impulses to the primary sensory cortex for further
processing and pain perception.
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Types of Pain

Nociceptive Pain

Nociceptive input injury activates peripheral Transient Receptor Potential (TRP) nociceptors, leading to depolarization and
action potential propagation to the dorsal root ganglia.'® Here, pseudounipolar neurons (first-order) receive this input and
send axonal processes to the spinal cord’s dorsal horns.'® These axons synapse in the spinal gray matter, affecting second-
order neurons, which cross the spinal cord and ascend in the anterolateral aspects of the spinal cord (becoming one of the
tracts comprising the anterolateral pathways) towards the medulla oblongata, pontine and midbrain tegmentum. Eventually,
these neurons synapse the thalamus’s ventral posterior nucleus (VPL). From the VPL, the information traveling in the
spinothalamic tract is conveyed via thalamic somatosensory radiations (the third-order neurons of this pathway) to the
primary somatosensory cortex in the postcentral gyrus (Brodmann areas 3, 1, 2).%° However, it is important to highlight that
pain and temperature sensation for the face as carried by an analogous pathway, the trigeminothalamic tract. The
Anterolateral Pathways are composed mainly by three tracts: spinothalamic (previously described), spinoreticular tracts,
and spinomesencephalic tract. The spinothalamic and spinoreticular tracts together convey emotional and arousal aspects of
pain; the spinoreticular tract terminates in the medullary—pontine reticular formation, projecting to intralaminar thalamic
nuclei project diffusely to the entire cerebral cortex and is involved in the behavioral arousal caused by the nociceptive

stimulus and spinomesencephalic (participates in central modulation of pain).?'

Modulatory Output
Pain modulation represents a complex process, encompassing interactions among local neural circuits in the spinal cord’s
dorsal horn and extensive modulatory inputs from farther regions (Figure 1). The Gate Control Theory posits that sensory
signals from wide-diameter, non-painful A-f fibers are key in diminishing pain transmission at the dorsal horn of the
spinal cord.?* This concept is utilized in therapeutic approaches like transcutaneous electrical nerve stimulation (TENS),
where A-B fibers are stimulated to mitigate chronic pain.'’

The periaqueductal gray stands out as a pivotal component in pain modulation, receiving signals from the hypotha-
lamus, amygdala, and cortex. It significantly contributes to the inhibition of pain transmission at the dorsal horn, mainly
through a pathway at the pontomedullary junction, particularly within the rostral ventral medulla (RVM).>* The RVM is

Peripheral Mechanisms of Pain

&
o

Supraspinal Mechanisms

of Pain N N ‘g

Spinal Modulation

Figure | Route of pain transmission.
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notable for its serotonergic (5-HT) neurons, originating from the raphe nuclei, which extend to the spinal cord and play
a role in pain modulation.”® Furthermore, it transmits inputs via substance P to the locus ceruleus, thereby affecting
noradrenergic pathways that regulate pain in the spinal cord’s dorsal horn. Histamine also plays a role in this complex
modulation mechanism, particularly through its action on H3 receptors. Opiate medications like morphine are key players
in pain modulation. Enkephalin and dynorphin are primarily concentrated in the periaqueductal gray, RVM, and spinal
cord dorsal horn, while B-endorphin-containing neurons are predominantly located in regions of the hypothalamus that
project to the periaqueductal gray.”>* This intricate network of pathways and modulators underlines the complexity of
pain perception and its regulation in the human body.

Neuropathic Pain

Neuropathic pain is defined as pain resulting from direct damage to the somatosensory nervous system.”> The symptoms
of neuropathic pain can be classified as either positive or negative sensory symptoms. Positive symptoms, arising from
nociceptive hypersensitivity, include allodynia, hyperalgesia, and paresthesia.”® Conversely, negative symptoms, which
result from afferent neuronal injury, lead to incomplete input to the nervous system and are characterized by hypoalgesia
and hypoesthesia. Diagnosing neuropathic pain involves a comprehensive history and physical examination, and
confirmation can be achieved through histological, electrophysiological, and structural imaging tests.*’

Treatment of neuropathic pain typically begins with pharmacotherapy, which includes tricyclic antidepressants,
serotonin-norepinephrine reuptake inhibitors, and calcium channel ligands.”®>' If initial therapy fails, interventional
methods can be a viable treatment approach.”>? These procedures include steroid injections/neural blockade, neuroa-
blative procedures, transcranial/epidural stimulation, spinal cord stimulation, deep brain stimulation, and percutaneous
stimulation.** Additionally, emerging methods being explored include gene therapy, strategies targeting ion channels, and
the use of optogenetics and chemogenetics.**

Inflammatory Pain
Inflammatory pain is characterized by heightened sensitivity due to the inflammatory response associated with tissue
damage.®® This response is triggered by extracellular inflammatory mediators released from the surrounding damaged
tissues and nociceptive fibers.

These mediators encompass a variety of substances that are released upon cell damage, as well as those that are
generated following tissue injury. Proinflammatory substances include reactive oxygen species, protons, kinins, prosta-
noids, bradykinin, adenosine triphosphate, serotonin, histamine, cytokines, neurotrophins, and neuropeptides.>®

Mechanisms of Hyperalgesia and Allodynia

Hyperalgesia and allodynia are positive sensory neuropathic symptoms resulting from nociceptor hypersensitivity.”> The
IASP Task Force defines hyperalgesia as increased pain sensitivity,’® while allodynia is characterized as pain due to
a non-nociceptive stimulus.*® The mechanisms underlying hyperalgesia and allodynia include the upregulation of
nociceptive pathways and a failure to inhibit these pathways.

Multiple mechanisms have been identified concerning the upregulation of the nociceptive pathway, with the two
primary ones being peripheral and central sensitization.’” Peripheral sensitization occurs due to alterations in the
unmyelinated C and myelinated A-delta fibers, leading to hypersensitivity. These changes at the molecular and cellular
levels cause neurons to become abnormally sensitive to noxious stimuli.*® Central sensitization involves modifications
within the spinal cord.?’ Electrical stimulation of sensory nerves at C fiber intensity leads to the spinal release of amino
acids, including glutamate and neuropeptides, such as substance P, and neurotrophic factors, such as brain-derived
neurotrophic factor, culminating in spinal upregulation.

The failure of the nociceptive system’s inhibitory mechanism, leading to hyperalgesia, is referred to as attenuation.
Attenuation’s role in inhibition involves both pre and postsynaptic inhibition of nociceptive spinal dorsal horn neurons.*®
Conversely, the failure of the inhibitory mechanism in the nociceptive system that results in allodynia is termed
separation. The inhibition role of separation entails the suppression of excitatory interneurons, which are responsible
for establishing somatotopic borders.*®
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Peripheral Sensitization

Initially characterized in the 1970’s by Perl et al, peripheral sensitization is defined as increased responsiveness with
reduced thresholds of nociceptive neurons to peripheral stimulation.>®*' This phenomenon typically occurs after
peripheral nerve injury, tissue injury, and inflammation.*' Deemed primary hyperalgesia, it is believed that injury results
in lowered thresholds of primary afferents in response to noxious stimuli, nerve fiber enhanced response to stimuli, and
ultimately increase innervation of the injured site by adjacent nerve fibers.*> Post-translational changes to various ion
channels have been found to occur at the site of injury resulting in alterations of nerve fiber depolarization with
associated changes in gene expression and protein expression.*'**> These changes and associated alterations have been
suggested to lead to peripheral sensitization.

Several ion channels have been suggested to be affected by peripheral sensitization, including voltage-gated transient
receptor potential vanilloid (TRPV) channels, voltage gated sodium channels, and voltage gated calcium channels.
TRPV1 has been seen to be an important channel for pain sensitization and several chronic pain states.***® TRPV1
activation allows for increases in intracellular sodium and calcium, triggering membrane action potentials mediating
secondary messengers, which subsequently upregulates TRPV1 expression and sensitivity resulting in mechanical and
thermal hypersensitivity.*'**>*” Many animal studies have shown that TRPV1 channel knockout mice do not develop the
typical thermal and mechanical hyperalgesia after peripheral neurologic insult compared to TRPV1 channel preserved
mice. TRPV1 has also been suggested as being necessary to maintain the hyperalgesia state.**** In humans, reports of
malfunctional TRPV1 resulted in elevated pain thresholds during pain phenotyping experiments.”®

Voltage gated sodium channels are expressed in numerous cell membranes for action potential regulation. Several
channels including Nay1.1, Nay1.6, Nay 1.7, Nay 1.8, and Nay 1.9 are expressed in a variety of sensory neurons.*' Nay 1.7
is of particular interest as it is highly expressed in the dorsal root ganglion, peripheral sensory nerves, and sympathetic
neurons.”'? In animal studies, the loss of function of Nay1.7 resulted in mice with reduced hypersensitivity to pain
meanwhile increased Nay 1.7 function may be associated with the development of peripheral neuropathic states such as
chemotherapy induced peripheral neuropathy and erythromelalgia.'®>*->*

Intracellular calcium is an important cellular response leading to neurotransmitter release causing membrane
depolarization and act as secondary messengers.”> Two types of calcium channels exist, high voltage (L, N, P, Q, and
R type) and low voltage (T type), both of which have been implicated in the pain processing pathways.’® Animal studies
with blockade of high voltage calcium channels have shown to decrease subjective pain and hyperalgesia.”’ >° Similarly,
low voltage calcium channels are important for regulation of nerve fiber excitability. Increased excitability of these
channels may help promote the peripherally sensitized state and certain calcium channels are currently investigated as
viable drug targets for treatment of chronic pain.®®™* It is theorized that alterations in ion channel regulation ultimately
results in protein and neurotransmitter modulation causing the peripherally sensitized state.

Central Sensitization

Central sensitization is characterized as the enhancement in the function of neurons and circuits in nociceptive pathways
caused by increases in membrane excitability and synaptic efficacy as well as to reduced inhibition and is a manifestation
of the remarkable plasticity of the somatosensory nervous system in response to activity, inflammation, and neural
injury.®

The concept was hypothesized to explain neuroplastic changes of synaptic function within the central nervous system
after the discovery that nociceptive peripheral nerve injuries could sensitize peripheral nociceptive terminals.?®-*%-6+¢¢
Central sensitization is implicated in multiple rheumatologic and chronic pain conditions including fibromyalgia, arthritis
(osteo and rheumatoid), Ehlers-Danlos syndrome, upper extremity tendinopathies, headache, and spine pain.***"
Unique from windup, central sensitization results in lower nociceptive input to create and/or sustain neural activation
or potentially allow for amplified responses to non-stimulated or non-nociceptor fibers after cessation of conditioning

stimuli.>*7°
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Several theories have been suggested to explain the pathophysiology of central sensitization though the exact
mechanism is unknown. Descending (neural inhibitory) and ascending (neural activating) pathways are often discussed
when assessing neuroplastic changes resulting in augmented sensory and pain processing.”"

Glutamate is an important neurotransmitter implicated in the development of central sensitization. Glutamate binds to
amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA), N-methyl-D-Aspartate (NMDA), and several metabotropic
glutamate receptor subtypes (mGluR) in the post-synaptic neurons of the dorsal horn.®*’*"? Activation of the NMDA
receptor is essential for initiating and maintaining central sensitization as NMDA receptor antagonism reverses and
prevents nociceptive neuronal hyperexcitability.”*”> NDMA activation allows for increased intracellular calcium, indu-
cing intracellular kinases that maintain central sensitization by increasing phosphorylation of the AMPA and NDMA
receptors. This results in post-translational modification changing the activity level and trafficking of these receptors and
other channels that result in central sensitization.®> Aside from glutamate, substance P and brain derived neurotrophic
factor have also been implicated contributing to central sensitization by enhancing C fiber evoked responses.®*”

The anterior cingulate cortex (ACC), periaqueductal grey, subnucleus reticularis dorsalis (SRD), and the rostral
ventromedial medulla (RVM) play a large part in the descending pathway.”"”” The RVM and the nuclear raphe magnus
contains serotonergic and GABAergic neurons, while dorsolateral posterior tegmentum (DLPT) contains noradrenergic
neurons that inhibit neurotransmission at the dorsal horn. Patients with central sensitization have been found to have
disrupted descending pathway processing resulting in alterations in serotonin and noradrenergic secretion.”® Patients with
fibromyalgia have lower levels of noradrenergic and serotonergic neurotransmitters in bodily fluids as well as fewer
opioid receptors but with excess of excitatory neurotransmitters in the pain modulating centers of the brain compared to
healthy individuals.”” Functional MRI studies of patients with fibromyalgia and central sensitization have shown
significant gray matter reduction in the ACC and prefrontal cortex with otherwise global preservation of gray matter
with greater gray matter reduction in patients with long-standing fibromyalgia.®*** These collective changes in the
ascending and descending pain processing pathways have been suggested to contribute to the development of central
sensitization.

Neurogenic-Induced Inflammation

Neurogenic-induced inflammation is activation of inflammatory pathways in the Peripheral Nervous System (PNS) and
Central Nervous System (CNS) which lead to classical inflammatory reactions and is implicated in chronic pain
syndromes. Chronic activation of this inflammatory pathway can lead to peripheral and central sensitization.®'
Nociceptors, specified cells which are located in the periphery and, when activated, convey pain to the CNS, can be
activated through inflammatory cytokines and neuropeptides such as substance P, calcitonin gene-related protein (CGRP),
and neuropeptide Y. Therefore, neurogenic inflammation can directly lead to pain. There is a delicate balance in regards
to neuroinflammation since it is appropriately activated in response to deleterious insults on the body (infection,
traumatic brain injury, and autoimmune diseases)®* however, this inflammation can persist and lead to chronic pain.®
Chronic neuroinflammation is also seen in chronic inflammatory diseases such as asthma, migraine headaches, psoriasis,
and complex regional pain syndrome (CRPS).®! There is a distinction between central and peripheral sensitization, and
neurogenic inflammation can be activated in the PNS independently of the CNS due to the blood-brain barrier.

Activation of neurogenic-induced inflammation leads to several major physiologic effects. These include vasodilation
of surrounding tissue, leukocyte infiltration, glial cell activation, and increased production of inflammatory mediators.®’
Peripheral and central glial cells (Schwann cells, satellite glial cells, microglia, astrocytes, and oligodendrocytes) are the
main cell types activated in this process. Signs and symptoms associated with neurogenic inflammation in the periphery
can mimic those associated with classical inflammation: erythema, edema, warmth, and pain.

The inflammatory reactions present in the CNS and PNS are different from inflammation in other portions of the
body.®® This is due to multiple factors, but a central driver for this is the unique cell types present in the CNS as opposed
to other tissues. There is less permeability across the blood-brain barrier, which makes activating the complement
cascade more difficult. The implication of this is that T Cells are only involved in extreme conditions and the resident
innate immune cells are primarily responsible for interaction with pathogens.®® Neurogenic inflammation can also be
triggered solely by increased neuronal activity (including psychological stress) and not necessarily pathogenic insults.
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Vascular changes associated with early CRPS have been linked to neurogenic inflammation® as well as psychiatric
disorders, such as bipolar disorder, major depressive disorder, anxiety, and cognitive deficits.®?

Many of the drugs currently used for pain act to decrease neurogenic inflammation. Interestingly, opioids increase
neurogenic inflammation by activating innate immune cells in the CNS.** These inflammatory changes can also sensitize
Lamina I cells to respond to non-noxious stimuli leading to allodynia.®* Vasic and Schmidt have studied hippocampal
neurogenesis and have demonstrated that the inflammatory cytokines that are preferentially released in response to
neurogenic inflammation can predict a patient’s proclivity to develop chronic pain and can, in contrast, predict resilience
to pain.***" These inflammatory processes can also initiate structural and functional changes that can lead to ectopic
activation of nociceptive pathways.85

Major Types of Segmental and Supraspinal Neurotransmitters

Pain is an unpleasant but vital protective function with biological and psychosocial contributory mechanisms.”*® The
amount of pain experienced is not simply a byproduct of receptor activation and signal transmissions. Instead, it is the
summation of signal transmission coupled with segmental and supraspinal modulation. Within this section, we will
discuss common segmental and supraspinal neurotransmitters and their role in the facilitation and modulation of pain
signal transmission.

Substance P and calcitonin gene-related peptide (CGRP) are neuropeptides found within the DRG and dorsal horn
involved in sensitization. Substance P is a Tachykinin®’ released within the spinal cord following noxious stimuli. It acts
on Neurokinin 1 and 2 receptors which facilitate sensitization by increasing the synaptic actions of excitatory amino
acids.®® CGRP has two major forms, alpha and beta, and is expressed by small unmyelinated primary afferent fibers,
within the DRG, and superficial layers of the spinal cord.®*° Together, levels of substance P and CGRP are increased by
neuropeptide Y, leading to excitatory effects on wide dynamic range neurons.*

Byproducts of the inflammatory cascade also play an important role in pain facilitation. Bradykinin is a peptide of the kinin
family®" that facilitates pain and hyperalgesia through the activation of B1 and B2 receptors.’? This results in activation of
phospholipase C, protein kinase C, modulation of transient receptor potential vanilloid 1 (TRPV1), as well as production of
prostaglandins and nitric oxide.”® Eicosanoids such as Prostaglandins have been shown to cause a reduced activation
threshold of tetrodotoxin-resistant sodium currents in nociceptors and raise intracellular cAMP levels facilitating excitability
of sensory neurons.®® Leukotriene B4 has been linked to hyperalgesia and found in high concentrations within the joints of
Rheumatoid Arthritis patients”* and in concentrations three times higher within the brains of disease groups when compared to
controls.”> Cytokines, such as IL-1B and TNF-alpha, can also directly excite and sensitize nociceptive afferent fibers.®®
Neurotrophins such as Nerve Growth Factor (NGF) play a role in neurogenic inflammation via both direct and indirect
mechanisms.®® Indirectly, NGF is generated by, and also stimulates, mast cell degranulation leading to increased histamine and
serotonin release which leads to sensitization of primary afferent fibers.**

Tissue damage and the resulting energy mismatch also lead to the accumulation of substances in the extracellular and
intracellular milieu which can facilitate pain transmission. Accumulation of the purine nucleotide A7P can itself directly
activate nociceptors.”” Additionally, through action at the P2X family of receptors, present within central terminals of
primary afferent fibers and lamina V and II of the dorsal horn, ATP can indirectly lead to sensitization by facilitating the
release of glutamate.”® Energy crisis also leads to the accumulation of hydrogen ions (H+) which open DRG neuron-
specific acid-sensing ion channels DRAISIC/ASIC-3 facilitating sensitization.””"'%

Neurotransmitters facilitate pain conduction within the central nervous system through the anterolateral and dorsal
column-medial lemniscal pathways with supraspinal input from the brainstem, diencephalic, and cortical structures.®®
Glutamate, along with aspartate, are the primary excitatory neurotransmitters that act on excitatory amino acid (EAA)
receptors. EAA receptors are found on dorsal root ganglion cells and presynaptic terminals of primary afferent fibers.'""
The inhibitory neurotransmitter GABA acts on GABA A receptors located on both unmyelinated primary afferents and
DRG cells which may decrease hypersensitivity in neuropathic pain.®®

Two additional molecules with both segmental and supraspinal effects are opioids and cannabinoids. Opioids act on p
receptors on peripheral terminals of afferent fibers, within the DRG, and in the central nervous system at the spinal cord,
brainstem, and periaqueductal gray (PAG) resulting in both inhibition of ascending nociceptive transmission as well as
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activation of descending inhibition supraspinally.'® Cannabinoids act on CB1 receptors, which are present centrally and
highly expressed within the DRG. Within the DRG cannabinoids decrease the release of neurotransmitters attenuating

mechanical and heat hypersensitivity.'*'*?

Pain Receptors and Their Stimulation
Pain can be categorized into two main types: acute pain and chronic pain. Acute pain typically arises due to direct tissue
damage and is often sharp and immediate.'**

Acute pain can be broken down into two distinct phases. In the initial phase, the brain sends signals to alert the body to
a potential threat or injury, lasting several seconds. The subsequent phase, known as the subacute phase, involves the body’s
efforts to initiate protective mechanisms for tissue recovery, spanning hours or longer. The key factor distinguishing pain from
nociception is the consciousness of the tissue-damaging stimulus.'® Nociception, involves specialized nerve fibers (noci-
ceptors) that detect potential thermal, mechanical, or chemical stimuli.? Sensory event perception denotes the transformation
of these stimulus events into chemical tissue events, triggering the activation of afferent pathways.'*® These afferent pathways
generate sensations like pain (nociception), temperature (thermosensation), and touch (mechanoreception). Nociceptors serve
as specialized primary afferent neurons responsible for transmitting noxious stimuli to the brain’s higher centers. These
receptors have free nerve endings found on cell bodies in the dorsal root ganglia, with axons forming initial synapses with
spinal cord cells and extending into the peripheral nervous system.'’

Nociceptors are categorized into two primary classes. The first comprises medium-threshold myelinated Ad-fibers,
which convey “first” or rapid pain signals with a diameter of 1-6 um and a velocity of 5-36 m/s.'°® As-fibers function as
both mechanical and thermal nociceptors. The second class consists of high-threshold unmyelinated C-fibers, responsible
for “second” or slow pain transmission with a diameter of 0.2—1 um and a velocity of 0.2-1 m/s. These C-fibers
specifically serve nociceptive functions.'® Further subcategorization of Ad-fibers reveals two main classes. Type
I (HTM: high-threshold mechanical nociceptors) convey first pain responses to both chemical and mechanical stimuli
but possess high heat thresholds (>50). Type II Ad-nociceptors exhibit much lower sensitivity to thermal stimulation but
have notably high mechanical thresholds.'*

Various forms of pain arise from different sources: 1. Physiologic pain arises from surface irritation caused by noxious
stimuli on skin receptors. 2. Inflammatory pain emerges as a response to tissue injury or subsequent tissue reactions. 3.
Neuropathic pain results from a primary dysfunction within the peripheral or central nervous system. 4. Dysfunctional pain
stems from malfunctions within the somatosensory system itself, lacking identifiable noxious stimuli.''’

The development of these stimuli arises from the response of these nerve fibers, triggering the activation of ion
channels/receptors or the release of neurotransmitters.''! Inflammatory mediators are released following injury and
inflammation. Consequently, these mediators interact with specific receptors in primary nociceptive neurons.''”

The heightened activity in nociceptors leads to the opening of ion channels and receptors, prompting the release of
neurotransmitters from central terminals within the spinal cord. This process results in central sensitization (secondary
hyperalgesia and allodynia).''®> Abnormal expression of receptors and ion channels during chronic pathophysiological
states contributes to atypical pain signaling, resulting in persistent pain. Understanding the molecular mechanisms behind

these events targets the modulation or altered functions of nociceptors due to inflammation or injury.''*

Pain Transmission in the Central Nervous System

Diverse types of information are conveyed to the brain by afferent sensory nerves that consist of receptors. These
receptors respond to stimuli within the skin and tissues and are activated by specific stimuli, generating electrical
impulses or action potentials within the sensory nerve. Action potentials are transmitted to the nerve cell body located in
the dorsal root ganglion within the spinal cord and by way of spinal cord nerves, and are subsequently transmitted
through pathways that include the spinothalamic tract. A network in the brain then facilitates the transmission of these
signals. From periphery, the sensory information travels along specific pathways.''> It progresses through the pain
pathway’s progression and involves different types of nerve fibers with distinctive characteristics. Sensory neurons
synapse in the dorsal horn of the spinal cord across specific areas known as laminae with second-order neurons and
encompass nociceptive-specific (NS), wide dynamic range (WDR), and low threshold (LR) types. LR neurons only
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respond to innocuous stimuli whereas NS neurons react to high-threshold noxious stimuli and WDR neurons respond to
sensory stimuli.''®

These second-order neurons then relay their signal to the thalamus by way of the spinothalamic and spinoreticular
tracts. Somatosensory data is processed by the thalamus and neurons are projected to diverse brain regions, such as the
insula, anterior cingulate cortex, and the prefrontal cortex, as well as the primary and secondary somatosensory cortices.
Thereupon, the intensity, location and duration are integrated leading to the perception of pain.''’

Modulation of pain transmission at various points takes place across this pathway. Excitatory and inhibitory
interneurons modify pain signals within the spinal cord. Sensory nerves are influenced by receptors like TrkA, TrkB,
TrkC, or c-Ret receptors in the dorsal root ganglion and subsequently numerous receptors and neurotransmitters along the
pain pathway modulate the pain signal.'®'"®

There are four major processes in the perception of a painful stimulus.

Initially, primary afferent neurons are activated by a noxious stimulus leading to transduction in peripheral axons.
Secondly, in the transmission process, pain impulses travel through a two-fiber system that involves the transmission of
slower sensations through C fibers and the fast, sharp sensations by A-delta fibers. Both fiber types terminate in the dorsal
horn of the spinal cord. The plasticity of these dorsal horn cells allows for modulation or “gating” of pain impulses.

Second-order neurons continue the transmission to the central nervous system through both the lateral and medial
spinothalamic tracts. The duration, location, and intensity of pain, projecting to the ventral posterolateral nucleus of the
thalamus is conveyed by the lateral spinothalamic tract to the brain. Conversely, autonomic and unpleasant emotional
perceptions of pain are conveyed to the medial thalamus by the medial spinothalamic tract.''” Signal modulation then
occurs at the peripheral level altering neural activity along the pain pathway. This modulation can result in the
suppression of pain. The fourth process responsible for mediating the localization, and perception of pain involves the

projection from the thalamus to specific cortical regions by way of third-order neurons.*'°

Pain Pathways in the Spinal Cord and Brain Stem

Neospinothalamic Tract and Paleospinothalamic Tract

The ascending pathways that mediate pain consist of different tracts: the neospinothalamic tract and the paleospinothalamic
tract. The “fast” conducting neospinothalamic pathway is involved in conveying the “sharp” pain elicited at the time tissue is
damaged. The “slower” conducting paleospinothalamic pathway is involved in conveying the “dull” pain that accompanies
the later inflammatory reaction in the damaged tissue as well as temperature and crude touch information.'?"*'?* The first-order
neurons are located in the dorsal root ganglion (DRG) for both of these pathways. All first-order sensory fibers, including
nociceptive fibers, enter the spinal cord’s dorsal (posterior) grey horn, which is composed of several laminae (Figure 2). Each
pain tract originates in different spinal cord regions and ascends to terminate in different areas in the central nervous system.
This leads to different pain interpretations the body perceives in the form of acuity, character, and localization.'**

There are primarily two types of fibers that transmit pain: A-delta and C-fibers. A-delta fibers are myelinated and have
a larger diameter than C-fibers and thus, conduct nerve impulses faster.'** C-fibers are unmyelinated, have a smaller diameter,
therefore, have a slower conduction velocity. C-fibers respond to more than one kind of stimulus (thermal, mechanical, or
chemical) and thus, are “polymodal” in nature. In contrast, A-delta fibers only respond to one kind of stimulus.'*?

The neospinothalamic tract, also known as the direct tract, conducts fast and acute pain signals via myelinated A delta
fibers. The first-order neuron, again with cell body at the dorsal root ganglion, synapses at the marginal zone, also known
as the Rexed Layer I neuron, with the second-order neuron (Figure 3)."?' At usually, the same level of the spinal cord,
the second-order neuron crosses in the anterior white commissure to the contralateral anterolateral quadrant. This tract is
referred to as the lateral spinothalamic tract. The second-order neuron synapses in the thalamus, the ventroposterolateral
(VPL) and the ventroposteroinferior (VPI) nuclei. The VPL is thought to be the principal sensory relay nucleus, mainly
concerned with site-specific discriminatory functions in the body.'** Neurons in the ventroposteromedial (VPM) nucleus
receive nociceptive information from the face. The VPL and VPM are significant for the localization of pain. Thus, the
localization of pain occurs at the level of the thalamus and not the cerebral cortex, which is responsible for assessing the
quality (type) of the pain, not its location.
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The third-order neospinothalamic neuron then synapses on the somatosensory cortex, where it is somatotopically
oriented.'? Again, this pathway is responsible for the immediate awareness of a painful sensation and for awareness of
the exact location of the painful stimulus.

The paleospinothalamic tract conduct a slow pain signal via unmyelinated C fibers, which is poorly localized in
nature. The first-order neuron, as in the neospinothalamic tract, has its cell body at the dorsal root ganglion. This first-
order neuron synapses at the substantia gelatinosa and the nucleus proprius, also known as the Rexed Layer II and III
neurons, respectively. The nerve cells that furnish the paleospinothalamic tract are multi-receptive or wide dynamic range
nociceptors.'**

The second-order neurons make quick synaptic connections in laminae [IV-VIII of the dorsal horn of the spinal cord.
The second-order neurons also receive input from mechanoreceptors and thermoreceptors. Most, but not all, of their
axons cross and ascend in the spinal cord primarily in the anterior region and thus called the anterior spinal thalamic tract
(AST). Some of the fibers that do not cross ascend in the ipsilateral spinoreticular tract.'?*:'**

These fibers are contained in several tracts, and these fiber tracts are collectively known as the paleospinothalamic

tract. Each of them makes a synaptic connection in different locations:'**!'%*

1. Most (approximately 85%) of these second order neurons synapse in the reticular formation. The reticular
formation controls the arousal and wakefulness of the central nervous system. It alerts the cerebral cortex of the
perception of pain.

a. From the reticular formation, the third order neuron also sends tracts to the intralaminar nuclei (discussed
below).

2. Some (approximately 15%) of these second order neurons synapse in non-specific nuclei of the thalamus which
are called intralaminar nuclei. There are two particular nuclei thought to be involved in this tract.'**'**

a. Parafasiculus (PR) and Centromedian (CM) Nuclei.

b. From this, third order neurons travel to several different structures including the cingulate gyrus, anterior
insular cortex and somatosensory cortex.

c. These structures are thought to be involved in processing the emotional components of pain. The limbic
structures, in turn, project to the hypothalamus and initiate visceral responses to pain. The intralaminar nuclei
also projects to the frontal cortex, which in turn projects to the limbic structures where the emotional response
to pain is mediated.

3. Within this system, there are collateral pathways that form different tracts (spinotectal, spinomesencephalic,
spinohypothalamic tracts). These tracts involve important structures including and in the periaqueductal gray
(PAG), tectum, amygdala, hypothalamus. Again, these tracts facilitate different aspects of pain including pain

. . . .. 12
suppression, autonomic responses, and emotional association.'*>

Pain Suppression System in the Brain and Spinal Cord
Brain’s Opiate System - Endorphins and Enkephalins

Pain is a complex ubiquitous and a fundamental sensory experience that alerts the body to potential threats and promotes
self-preservation.'® When pain becomes chronic or overwhelming, it can lead to a myriad of physical and psychological
issues and to mitigate the impact of pain, the human body employs a highly evolved pain suppression system that
operates in the brain and spinal cord.'?” The opiate system consists of a network of receptors, endogenous opioids
peptides, including endorphins and enkephalins, playing a key role in pain modulation.'%*'?3

There are three primary types of opioid receptors in the human body: mu (p), delta (3), and kappa (k) receptors. These
receptors are distributed throughout the central nervous system, including the brain and spinal cord, as well as the
peripheral nervous system.'?*'*' Each type of receptor has distinct functions in pain regulation and physiological
processes. The action of mu, delta, and kappa receptors can be summarized in Table 1.

Neuropeptides in the nervous system play crucial roles in modulating neuronal activity (Tables 2 and 3). Inhibitory
neuropeptides, such as somatostatin and enkephalins, dampen neural firing by hyperpolarizing neurons or reducing the
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Table | Receptors and Their Action

Receptors | Action Peptides

Mu Inhibits nociception | Endorphins, Enkephalins
Delta Pain modulation Endorphins, Enkephalins
Kappa Analgesia Dynorphins

Table 2 Excitatory Neurotransmitters and Their Receptors

Excitatory Neurotransmitters | Receptor

Glutamate NMDA, AMPA, kainate
Aspartate NMDA, AMPA, kainate
Substance P Neurokinin | and 2
neurokinin Neurokinin | and 2

Table 3 Inhibitory Neurotransmitters and Their Receptors

Inhibitory Neurotransmitters | Receptor

Glycine CLSS (chloride-linked strychnine-sensitive), SI (strychnine insensitive)
GABA GABA a

Norepinephrine Alpha 1, alpha 2

Adenosine Adenosine receptor, Al and A2

Acetylcholine Muscarinic, nicotinic

release of excitatory neurotransmitters. These neuropeptides help regulate pain perception, anxiety, and overall neural
excitability. On the other hand, excitatory neuropeptides, like substance P and dynorphins, stimulate neural activity by
depolarizing neurons and increasing neurotransmitter release.*”*'** They are involved in processes such as pain transmis-
sion, stress responses, and mood regulation. The balance between inhibitory and excitatory neuropeptides is essential for
maintaining proper neural function and emotional well-being within the nervous system. The complexity of the neural
pathways can be seen in Figure 3.'%

Endorphins and enkephalins are two families of endogenous opioid peptides that bind to opioid receptors in the brain
and spinal cord.'?® These peptides are produced within the body and act as natural painkillers. Endorphins are produced
in response to stress and pain, and they induce a sense of euphoria and well-being. Beta-endorphins are one of the most
well-known endorphins, and they bind primarily to mu receptors, contributing to pain relief. Enkephalins are another
group of endogenous opioids that play a significant role in pain modulation. They bind to both delta and mu receptors,
providing analgesic effects.

When pain signals are transmitted from peripheral nerves to the spinal cord and brain, endorphins and enkephalins
can inhibit the release of neurotransmitters like substance P.'** This inhibition reduces the transmission of pain signals,
effectively dampening the perception of pain.

Endorphins and enkephalins can alter the perception of pain by increasing the pain threshold. This means that
a person may tolerate a painful stimulus better when the opiate system is activated, resulting in reduced pain perception.
Activation of the opiate system can also influence emotional responses to pain. Euphoria and a sense of well-being
produced by endorphins can help individuals cope with pain more effectively, both physically and psychologically.
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Opioid medications, such as morphine and codeine, work by mimicking the actions of endogenous opioids, and they
are used to manage moderate-to-severe pain. The opiate system, with its endogenous opioid peptides like endorphins and
enkephalins, plays a pivotal role in regulating pain perception within the brain and spinal cord. Understanding the
mechanisms by which these endogenous opioids modulate pain provides valuable insights into both physiological
processes and potential therapeutic interventions for pain management.

Pain Processes
Pain is an intricate sensorial experience that involves biological, cognitive and psychosocial factors'**'*> Four essential
steps encompass the transformation of a noxious stimulus into the awareness of pain: transduction, transmission,

modulation and perception at higher cortical centers.'*®

Transduction

Transduction of pain is a complex process that relates to the conversion of an evoked electrochemical action potential
from a mechanical, thermal or chemical noxious stimulus that activates primary afferent first-order neurons distributed
throughout the body (skin, viscera, muscles, joints, etc). Inflammatory mediators such as bradykinin, serotonin,
prostaglandins, leukotrienes, and cytokines are released from damage tissues, which thereby stimulate these specialized
peripheral nociceptors, such as Ad-fibers and C-fibers. High-threshold receptors respond to mechanical deformation,
while polymodal nociceptors respond to a variety of inflammatory chemicals.'®*'3”~'3% Their properties are summarized
in Table 4.

Transmission

Transmission is the process of conveying the nociceptive message from the peripheral nervous system (PNS) to the
central nervous system (CNS) by the primary afferent nociceptive neurons (Ad-fibers and C-fibers). These fibers
terminate at the CNS, more specifically at the lamina I and V and I-II of the spinal cord, respectively. Their cell body
is located at the dorsal root ganglion (DRG), which sends one branch to the spinal cord and one back to the
periphery,3+108:136-139

Peripheral Nervous System

The PNS can be divided into somatic nervous system and visceral nervous system. Each division has a motor and sensory
component, including the autonomic nervous system (sympathetic, parasympathetic, enteric). The somatic nervous
system includes the sensory system, which consists of cranial nerves (except the optic nerve) and spinal nerves (cervical
and lumbosacral plexus). The somatosensory nervous system consists of peripheral sensory receptors and the primary

and secondary somatosensory cortex.'*!4!

Table 4 Characteristics of Primary Afferent Fibers

AB fibers As-fibers C fibers
Diameter Large Small Smallest
Conduction velocity | Very Fast Fast Slow
Myelination Heavily myelinated | Lightly myelin Unmyelinated
Stimulus Non-noxious Noxious, rapid Noxious, slow
Sensation Light touch Mechanical and thermal | Polymodal (chemical, mechanical, thermal)
Function Proprioception Acute, sharp pain Dull, aching pain
Mechanoreceptor | Nociception Nociception
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Pain Pathways in the Central Nervous System
The pathway of pain begins in the periphery with activations of nociceptors where transduction occurs, followed by
transmission by primary afferent neurons to synapse in the dorsal horn of the spinal cord to enter the CNS.'*®

Nociception and Peripheral Sensitization

Nociception differs from pain. Nociception is the physiological activation of neural pathways from peripheral noxious
input, which results in a behavioral, withdrawal or escape response (Lee 2020). Peripheral sensitization is a decrease in
threshold and an increase in responsiveness of these peripheral nociceptors, often spontaneously, that occurs after tissue
damage and inflammation, resultant from early posttranslational changes with phosphorylation of ion channels (G-protein

couple receptors or tyrosine kinase receptors) and altered gene expression leading to primary hyperalgesia.**'**

Dorsal Horn Neurons and Central Sensitization

In contrast to peripheral sensitization, central sensitization is a consequence of changes within the CNS that leads to
alterations of sensory input interpretation, which ultimately results in enhanced synaptic transfer. This is characterized by
heterosynaptic potentiation, membrane hyperexcitability in microglia, astrocytes, gene transcription, and wind-up. Wind-
up phenomenon is an increase in action potential output from dorsal horn neurons during a low-frequency firing of
C-fibers, which leads to higher calcium levels and the release of glutamate, substance P and calcitonin gene related
peptide (CGRP) resulting in an increased postsynaptic depolarization of dorsal horn neurons.**'** The dorsal horn is
comprised of cell bodies (sensory nuclei) of second-order neurons and their synapses with pseudounipolar first-order
sensory neurons located at all spinal levels. Complex interactions occur at the dorsal horn with wide dynamic range
neurons (WDR), excitatory and inhibitory interneurons releasing glycine and gamma-aminobutyric acid (GABA) to
modulate nociceptive transmission, activate ascending and descending pain pathways and a spinal “gate control”

system.l36’l38’139

The Ascending Tracts—Sensory-Discriminative Pathways and Affective Pathways
From the dorsal horn, these neurons synapse with interneurons and WDR neurons to ascend via second-order neurons

contralaterally at the spinothalamic tract (neospinothalamic), medial spinothalamic (paleospinothalamic) tract, and

spinoreticular tract. The characteristics of these ascending pathways are summarized in Table 5.'3%'%°
Table 5 Characteristics of Ascending Pain Pathways
Lateral Spinothalamic Tract Medial Spinothalamic Tract Spinoreticular Tract
Origin Neurons in lamina | and V Neurons in lamina Il and IV, VI Deep gray matter and lamina V
Second Order Neurons | Anterior white commissure Anterior white commissure Anterior lamina VIl and VIII

and posterior gray horns

lamina V
Third Order Neurons Ventral posterior lateral (VPL) thalamic Medial thalamic nuclei, periaqueductal | Thalamus and hypothalamus
nucleus, ventral posterior inferior (VPI) gray matter (PAG), somatosensory via brainstem reticular
nucleus and to post-central gyrus cortex and limbic centers formation and limbic centers
Structure Neospinothalamic tract with somatotopic Paleospinothalamic tract, little Phylogenetically ancient with
organization (caudal elements lateral, somatotopic organization little somatotopic organization
rostral elements medial)
Function Sensory discriminative (localization) aspect | Autonomic, affective, motivational Perception of diffuse,
of pain components of pain emotionally disturbing pain

Alertness and arousal of pain
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The Cortical Pain Matrix and the Psychological Components of Pain

Complex activation of multiple cortical regions comprise the pain matrix responsible for the perception and awareness of
painful stimuli, including primary (S1) and secondary somatosensory cortices (S2), limbic regions (cingulate, insula,
amygdala), brainstem, hippocampus, parietal operculum, cerebellum, and the orbitofrontal, anterolateral and prefrontal
cortices.'***'** These can be categorized into three different levels, primary, secondary and third cortical matrices
(Table 6). The first and secondary matrices interact with each other, and the third cortical matrix receives and integrates

the information from the foregoing two cortices and triggers a behavioral response.'**

Modulation of Pain—Gate Control, the Descending Modulatory System, and

Neuromodulators
Neuronal circuits that modulate pain include descending systems from higher centers, spinal cord gate control mechan-

isms and endogenous opioids.'**

Gate Control

The gate control theory of pain was proposed by Melzack and Wall in 1965 to describe a process of inhibitory pain modulation
at the spinal cord level by activating AP fibers with tactile, non-noxious stimuli towards inhibitory interneurons in the dorsal
horn (lamina II), which once activated lead to inhibition of pain signals transmitted via C fibers.”

The Descending Modulatory System

Once a pain signal reaches the cortical pain matrix, it triggers a reflexive-descending modulatory pathway from the
anterior cingulate cortex, amygdala and hippocampus to brainstem nuclei in the PAG area of the midbrain to allow
individuals to function and to respond to pain stimulus (Figure 4). The PAG receives pain stimulus from the spinal
mesencephalic tract and relays to the rostral ventral medulla, which thereby activate the endogenous opioid system and
project to the dorsal horn to modulate pain transmission. These pathways are monoaminergic and utilize noradrenaline
and serotonin neurotransmitters from the nucleus raphe magnus.'*® There are three types of G-protein couple opioid
receptors within the CNS (mu, delta, and kappa) that upon activation results in neurotransmitter inhibition, cell
hyperpolarization, and reduction of cell excitability.**'*> Endogenous opioids, such as B-endorphins predominately
binds to mu opioid receptors, Dynorphins predominately bind to kappa opioid receptors and Enkephalins predominately

bind to delta opioid receptors.'®

Sensory versus Affective Aspects of Pain

The experience of pain involves a complex interaction between the PNS, CNS and higher-cortical centers. The sensory
discriminative aspect of pain refers to intensity, spatial and temporal characteristics, and quality of pain, while the
affective-motivational dimension captures how unpleasant the pain is and the behavior to adapt to it.'*’ The sensory
aspect concerns to somatotopic localization, detection and identification of the noxious stimulus, which can be described

Table 6 Characteristics of Pain Cortical Matrices

Primary Cortical Pain Matrix | Secondary Cortical Pain Matrix | Third Cortical Pain Matrix
Structures | Primary somatosensory Anterior cingulate cortex Frontal cortex (orbitofrontal, anterolateral, prefrontal)
Secondary somatosensory Anterior insula Medial cingulate
Parietal operculum Amygdala Posterior cingulate
Posterior insula Hippocampus
Function Pain perception Affective experience Cognitive meaning
Pain localization Emotional experience Behavioral response
Pain quality Negative emotions
Pain Intensity Distress
Unpleasantness
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Figure 4 Complex pain pathways: stimulation of nociceptive nerve endings from joints, muscles/tendons, and skin are transmitted from the periphery to the spinal cord to
the cortex in a complex pathway involving transduction, transmission, and modulation of the pain signal.

with a sensory quality, such as burning or sharp pain. In contrast, the affective or unpleasantness aspect of pain correlates
with the aversive drive to terminate the noxious stimulus, often described by terms that are not specifically tied to
a sensory experience, such as excruciating, unbearable, nagging, or uncomfortable.’ The affective experience of pain is
regulated by projections between higher-cortical centers, such as the primary somatosensory cortex that transmit sensory
information (sensory aspect) to the anterior cingulate cortex (Singh 2020). The difference between the sensory and
affective aspects of pain can be illustrated further by distinguishing between pain threshold (sensory component) and pain
tolerance (affective component), which varies widely among individuals. Pain tolerance is a complex interaction that may
be modified by previous experiences, personality traits, gender and psychosocial factors.’

In chronic pain states, studies have found that there is a higher firing rate of the primary somatosensory cortex leading
to an environment of enhanced maladaptive synaptic transmission in pyramidal neurons to the anterior cingulate cortex,
resulting in augmented sensory hypersensitivity and increase aversion of pain.'*® The primary, secondary and third pain
cortical matrices are not activated separately but are functionally connected and contribute in a combined fashion to pain
processing. As such, the intensity and degree of pain experience can result in changes in emotional and motivational
behavioral, such as catastrophizing, and vice versa. Given this multinetwork activation in the CNS in such pain states, it
is vital to have a foundation knowledge of pain pathways, mechanisms of neuromodulation and how the pathophysiology
of chronic pain affects multiple elements of human behavior, including sensory, physical, emotional, cognitive, reward-
related, and psychosocial elements.'*’

Physiological Processes That Enhance Pain and Lead to Chronicity

Sensitization and Hyperactivity of the Sympathetic Nervous System
Maladaptive responses can lead to pain chronicity that extends painful symptoms beyond the healing period. Several
physiological processes have the ability to enhance pain and lead to chronicity. The sympathetic nervous system plays an
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important role in the body’s response to pain and stress and may be dysregulated in chronic pain.'**'*’ Dysregulation of
the sympathetic nervous system contributes to many chronic pain states.'”® When this occurs, there are increased levels
of norepinephrine, which leads to vasoconstriction, reduced tissue perfusion, and heightened pain sensitivity. There is
also evidence that sympathetic hyperactivity leads to neuroinflammation and central sensitization, further perpetuating

the pain experience.'”'

Muscle Contraction

Muscle contraction and the resulting myofascial tension and pain are common in many chronic pain states. Prolonged
muscle contraction may lead to ischemic changes in the tissue, accumulation of metabolic byproducts, and sensitization
of nociceptors.'>? Muscle contraction and tension may lead to the development of myofascial trigger points, which will
lead to localized areas of hypersensitivity with pain that may radiate.

Self-Sustaining Painful Processes

Chronic pain is notoriously characterized by a self-sustaining painful process that perpetuates the pain independent of the
inciting event. The mechanism by which this occurs is a complex interplay of neurobiological and psychosocial factors,
which ultimately lead to persistent pain, pain amplification, and maintenance of pain. This may be via neuroplastic
changes in the central nervous system that could comprise altered synaptic transmission, maladaptive neuroplasticity, and
neuronal sensitization.'>®> These processes make chronic pain especially difficult to manage.

Acute versus Chronic Pain

Acute pain is often proportional to the inciting event or injury. This serves a protective and useful function to allow for
tissue healing. Acute pain typically resolves with the healing process. Unlike acute pain, chronic pain involves
maladaptive changes that sustain the painful experience. Chronic pain may persist long after the inciting event has
resolved, and the severity of chronic pain is often out of proportion to the initial injury.

Peripheral Nerve Stimulation

Introduction
The earliest use of direct electric current to stimulate a peripheral nerve was recorded in the mid-1800s.'>* Advances in

PNS were rapidly accelerated in the 1980’s with the advent of readily available cylindrical leads, paddle leads, and

155

implantable pulse generators. > Weiner and Reed later demonstrated a percutaneous technique for treating occipital

neuralgia.’>® Subsequent technological advancements and clinical research has advanced the application of PNS to

a variety of nerve targets for both pain as well non-pain applications.'>”'>®

Mechanism of Action
The mechanism of action of PNS is likely a combination of central and peripheral mechanisms.'>® Proposed mechanisms

include gate control theory,” local changes through regulation of inflammatory mediators, neurotransmitters, and

160 potential failure of excitation with repeated stimulation of A and C fibers,'®!

162

endorphins, and peripheral reconditioning

of the central nervous system.

The Peripheral Pathway Mechanism

PNS has been shown to have local effects including downregulation of endorphins, neurotransmitters, inflammatory mediators
and blood flow.">*'%* Decreased ectopic discharge has been confirmed by electrophysiologic studies, decreasing efferent
transmission of nociception.'®* Tetanic stimulation of nerves results in decreased excitability and conduction velocity, and
targeted research on radial and saphenous nerves has demonstrated excitation failure in A and C fibers."”*'®' Nerve

regeneration has also been demonstrated in rat models with PNS, seemingly dependent on stimulation parameters.'®
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The Central Pathway Mechanism

In 1965, Melzack and Wall proposed that applying non-painful stimulation to A beta fibers activates inhibitory
interneurons and inhibits nociceptive A delta and C fiber conduction as well as discharge in the dorsal horn and thereby
the central cortex.””'>* PNS may result in modulation of higher CNS centers.'®'® Induced changes in serotonin,
dopamine, substance P, CGRP have all been posited to play a role.'®*”'"" Inhibition of WDR neurons, a mechanism also
implicated in SCS stimulation, has been demonstrated with PNS.'®® Further supporting a central mechanism, tibial nerve
stimulation has been shown to increase inhibitory activity at the bladder.'>'”?

Deer et al described a theory of peripherally induced central reconditioning with PNS whereby selective stimulation
of large vs small diameter nerve fibers peripherally results in pain relief in the short term via spinal mechanisms,
including gate-control theory.'> However, they posit that long-term sustained relief is mediated by a change in the
somatotopic representation map in the primary somatosensory cortex where overrepresented painful areas may be
decreased in size via targeted, robust, peripheral stimulation of nerves in a way that cannot be easily replicated by

conventional SCS.!74°176

Applications of Peripheral Nerve Stimulation

The use of PNS has been applied to a variety of nerve targets and treatment indications, including shoulder, knee, lower

extremity, trunk, pelvic, low back pain, occipital nerves, and CRPS, as is well described in the literature.!””17°
Overall evidence for PNS was rated as Level I across 14 RCTs.'”” The ASPN PNS Best Practice Guidelines graded

evidence to support head and neck, upper extremities, low back/trunk, and lower extremities as Level 1.'*° Real world

applications of PNS include both short-term treatment modalities as well as permanent implantation, with both options

supported by strong evidence.'” %0

Management of Acute Pain

PNS has been studied in the treatment of acute pain, primarily post-operative pain.'>* One of the earliest studies
employed leads placed at the femoral or sciatic nerve in patients who underwent total knee arthroplasty and demonstrated
pain reduction of 63% within 2 hours.'®' Subsequent studies have examined the utility of short-term PNS treatment for
patients following foot surgery and shoulder surgery.'®*'®3 A recent study found the use of post-operative PNS results in
reduced opioid requirements and pain scores during the 7 days following surgery.'®* The safety profile for the use of PN'S
in acute pain is excellent with fewer than one infection reported per 32,000 indwelling lead days which is markedly lower

than rates reported for perineural catheters.'®’

Management of Chronic Pain

There is a broad array of literature supporting treatment for a variety of chronic pain conditions with PNS. The pain
targets that have been most extensively studied include shoulder pain, knee pain, and low back pain.'”®!8%18¢ Medial
branch nerve stimulation for the treatment of low back pain has been studied extensively with short-term treatment
resulting in greater than 1 year of sustained relief and long-term treatment periods showing benefit even at 3 year follow-
up.'”®'¥7 Multiple studies have shown reduction in pain intensity and headache days with occipital nerve and spheno-
palatine ganglion stimulation.'””'®® Hardware improvements, evolving research, and personal success has led to the
application of PNS to a seemingly endless list of nerve targets.

Spinal Cord Stimulation

Spinal Cord Stimulation Parameters

The most basic parameters involved in adjusting the delivery of SCS charge are amplitude, pulse width, and frequency.'®’ The
amplitude denotes the amount of current delivered in a pulse and is usually measured in milliamperes (mA).'® A higher
amplitude correlates with greater recruitment of nerve fibers, higher perceived intensity of stimulation, and higher perceived
paresthesia sensation.'® After a pulse is delivered, it is subsequently followed by a recharge pulse, in which an equal flow of
current is delivered in the opposite direction.'® The recharge pulse can be either active or passive.'®’ The pulse width is the
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specific duration of time of current delivery, usually measured in microseconds (us).'”® An increase in pulse width correlates
with a greater recruitment of nerve fibers.'”® Further, an increase in pulse width may preferentially recruit smaller diameter
nerve fibers and may result in broader paresthesia coverage.'*® Frequency denotes the number of pulses that are delivered per
unit of time, usually measured in Hertz (number per second). The frequency may determine how often a neuron may fire after
a stimulus. Conventional SCS typically delivers SCS charge in the range of 40—100 hz, which leads to paresthesia sensation.
Many central neurons fire at rates less than 200 hz, meaning that these nerves can entrain electrical stimulation that is at 200 hz
or under."”" In summary, the charge delivery per pulse, frequency, and recharge properties play a major role in the response of
neurons to neuromodulation. When adjusting basic SCS parameters, each variable is related and should be considered
collectively. For instance, an increase in frequency would imply a decrease in pulse width. As another illustrative example,
a high-amplitude high-frequency paradigm may result in a complete reversible nerve block, while a low-amplitude high-

frequency paradigm would have a different physiological mechanism.'®?

Overview of Paresthesia-Based/Tonic Spinal Cord Stimulation

Tonic stimulation is typically programmed to have a pulse width between 100-500 us, frequency between 30—100 hz,
and an amplitude that produces paresthesias at a comfortable level.'”® The gate-control theory has conventionally been
used to explain the mechanism of analgesia from paresthesia-based spinal cord stimulation, in which activation of
large-diameter A-beta fibers inhibits A-delta and C fibers via interneurons.””'** However, recent literature suggests
that the mechanism of SCS is more complex. In the dorsal column, SCS may upregulate inhibitory neurotransmitters
(eg gamma-aminobutyric acid [GABA]), downregulate excitatory neurotransmitters (eg glutamate, substance P,
bradykinin, calcium gene-related peptide), modulate glial cell conduction, and attenuate the neuroimmune
response.'*>!?% In the dorsal horn, SCS may modulate wide-dynamic-range neuron excitability. Further, supraspinal
mechanisms may include orthodromic activation of the dorsal column via descending inhibitory pathways from the
brainstem, which is mediated via serotonin, norepinephrine, and adenosine.'® The complexity of these mechanisms
may become even more sophisticated when considering distinct pain syndromes and their response to distinct
modalities of SCS.

10 kHz Spinal Cord Stimulation

Variable frequencies of SCS induce unique physiological mechanisms. At low-frequency stimulation (eg 4—60 hz),
release of endogenous opioids and binding of neurotransmitters to I-opioid receptors occur.'®” At frequencies typically
used in tonic stimulation (eg 60 hz), activation of GABAergic neurons in the dorsal horn, activation of the d-opioid
system, and modulation of the rostroventromedial medulla and locus coeruleus may occur.'”” When SCS frequency
reaches 500 hz, an increase in peripheral blood flow may occur.'”® At much higher frequencies of SCS (200-10,000 hz)
that are significantly higher than the firing rate of central neurons, there is inadequate time for sensory information
processing. SCS at 10 kHz utilizes low intensity with a short-duration pulse width, delivering paresthesia-free
stimulation and leading to direct neural inhibition via dorsal horn inhibitory neurons.'”®°® Further, there is
a reduction in the activity of wide-dynamic range neurons. Preclinical studies in mice comparing 1-kHz, 5-kHz, and
10-kHz SCS revealed that 10-kHz SCS had greater selectivity for dorsal horn neurons.'® These differences in
mechanisms may also potentially explain differences in clinical studies comparing paresthesia-based waveforms

with 10-kHz waveform.?°!

Very High Frequency Stimulation (> 10 kHz)

There are limited data on very-high frequency stimulation, which involve frequencies over 10 kHz up to 500 kHz.
Unique mechanisms of action with very-high frequency stimulation include conduction block of axons, desynchroniza-
tion of activity in axons, and modulation of glial-neuronal interactions.?’>**> However, conflicting evidence has been
demonstrated in other models that very-high frequency stimulation is unlikely to block or desynchronize axonal
transmission. For instance, in a preclinical rat study, few axons generated action potentials with stimulation frequencies
ranging from 1 to 20 kHz and stimulation amplitudes below 50% of the motor threshold.”** Further, conduction block

3776 https: Journal of Pain Research 2024:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Karcz et al

occurred rarely. The mechanisms and potential dosing of very-high frequency stimulation such as 500 kHz is currently
being evaluated, in both animal and human models.

Burst Spinal Cord Stimulation with Passive Recharge

The proprietary burst SCS, as described by DeRidder, with passive recharge is defined by series of five 1000-us pulses
delivered at a frequency of 500 hz and an interburst frequency of 40 Hz.*** Charge balancing occurs passively after five
1000-ps pulses.’®* The mechanism of analgesia in burst SCS with passive recharge includes GABAergic interneuron
activation in the dorsal horn, which can be reversed with administration of intrathecal GABA-A and GABA-B

antagonists.”*

While tonic SCS is known to stimulate the lateral spinothalamic tract, studies suggest that burst SCS
stimulates both the medial and lateral spinothalamic tracts. The medial spinothalamic tract conveys fibers that transmit
the emotional and affective components of pain.?’® Furthermore, unique supraspinal mechanisms are noted with burst
SCS. For instance, preclinical studies highlight a delayed wash-in effect from burst SCS may activate supraspinal areas
involved in emotion and motivation.”®**” Burst SCS may also modulate the synaptic connectivity in the thalamic-
anterior cingulate pathway, which is involved in the transition and maintenance of acute to chronic pain as well as pain-

induced anxiety.?*?

Closed Loop Spinal Cord Stimulation

Most forms of SCS utilize open-loop systems. After patients provide feedback on stimulation-induced paresthesia and
pain relief, reprogramming of SCS parameters is manually performed and then these settings are typically not readjusted
unless patients present for another reprogramming clinical visit. In closed-loop SCS using evoked-compound action
potentials (ECAPs), the system records ECAPs in real-time, which reflect the summation of individual action potentials
from somatosensory A-B neurons of the dorsal column.>”® This is important because clinical efficacy and degree of
therapeutic stimulation that is delivered to the spinal cord may vary based on changes in body position. The spinal cord
can move approximately 2—3 mm in the anterior-posterior direction and may lead to either overstimulation or under-
stimulation. Factors such as body position, respiration, and heartbeat may impact the position of the spinal cord. In
a closed-loop system monitoring ECAPs, the amplitude of the ECAP correlates with SCS amplitude and paresthesia
coverage. The system is then able to adjust the SCS amplitude to produce a reference ECAP amplitude that the patient
reports as comfortable and optimal. Although the mechanism explaining the superiority of closed-loop SCS over
conventional SCS remains unclear, several hypotheses have been proposed. One hypothesis is that stimuli above the
ECAP activation threshold and the greater frequency of surpassing that threshold to provide sustained and consistent

neural recruitment in closed-loop SCS may provide superior analgesia.”**'°

Differential-Target Multiplexed (DTM) Spinal Cord Stimulation

Glial cells, which consist of Schwann cells, oligodendrocytes, astrocytes, microglia, and ependymal cells, comprise the
majority of neurons in the central nervous system and may be implicated in chronic pain states.”'" For instance, ablation
of oligodendrocytes was associated with worsening neuropathic pain in preclinical models.>'* A proprietary waveform,
known as differential-target multiplexed (DTM) involves the delivery of multiple waveforms that are charge-balanced
and comprise of variable frequency and pulse width. Preclinical studies highlight that DTM SCS has the potential to
promote greater modulation and diminish pain-related behaviors compared to conventional SCS paradigms.?'' For
instance, a higher expression of modified glial-specific gene was observed in rodent models treated with DTM SCS.
In another animal model study of neuropathic pain, DTM SCS modulated protein expression that reversed dysregulation
of ion transport.>'> DTM SCS decreased proteins related to calcium ion transport, upregulated presynaptic proteins
involved in GABA vesicle formation, regulated postsynaptic chloride ion inhibition, and downregulated potassium

regulatory proteins involved in neuronal depolarization.*'?

Surround Inhibition Spinal Cord Stimulation
There are concentrated populations of inhibitory A-f neurons in the periphery surrounding central wide-dynamic range
neurons that transmit nociceptive pain.”'* By preferentially stimulating these surrounding inhibitory A-B neurons using
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low-frequency waveforms (surround inhibition SCS), conduction blockade of nociceptive pain is achieved in wide-
dynamic range neurons.”'* In surround inhibition SCS, use of paresthesia-independent and low-frequency waveform
under 150 hz is utilized to selectively stimulate these inhibitory A-p neurons,'> leading to a faster onset of analgesia
(seconds to minutes) and energy conservation compared to tonic SCS.>'® Pre-clinical studies with computational models
and in vivo experiments in rats were conducted to explore the mechanisms of surround inhibition SCS.?'* The response
of modeled and recorded dorsal column axons revealed irregular spikes after surround inhibition SCS, with correspond-
ing rapid inhibition of dorsal horn neurons. Further, intrathecal administration of bicuculline, a GABA-A antagonist,
impacted the neural response to surround inhibition SCS which implies that analgesia from this waveform paradigm is

also dependent on GABAergic mechanisms.*'

Multiphase Spinal Cord Stimulation

Due to the novelty of multiphase SCS with ongoing clinical trials, there are limited data on its mechanism of action. Most
SCS modalities deliver a single therapeutic phase from the implanted electrodes. When accounting for charge balancing
to prevent net direct current in single-phase SCS systems, an interruption in therapy is necessary. In multiphase SCS,
there is an integrated circuit where therapy is delivered via multiple electrodes in a continuous, spatially, and temporally
distributed pattern.'” By delivering current in this manner, an interruption to account for charge balancing is unnecessary
and therapy can be delivered continuously. Further, multiphase SCS can deliver stimulation over a broader area of the
dorsal column, with computational models estimating two to five times greater area in the rostro-caudal direction
compared to most SCS modalities.>'” Despite a larger area of the spinal cord being targeted in multiphase SCS, an
estimated 30—60% less power is needed.

Dorsal Root Ganglion Stimulation

Spinal cord stimulation (SCS) is a minimally invasive, safe treatment that helps improve function and decrease pain,?'®
but comes with several limitations. One notable limitation is localization, due to lack of dermatomal or peripheral targets
since the electrodes are placed into the epidural space. SCS is effective for central neuropathic processes but less so in
treatment of focal and peripheral lesions causing pain in the trunk, groin, knee, and foot.?!?

On the other hand, dorsal root ganglion (DRG) stimulation allows for more specific targeting of the DRG that
innervates the targeted painful region when compared to traditional dorsal column SCS.**° DRG stimulation (DRG-S)
was first explored in 1991 in ex vivo animal models to treat pain and inflammation.”*" Since then, this relatively new
neuromodulation therapy has emerged with promising potential in treating chronic neuropathic pain, as suggested by the
results of the landmark ACCURATE trial in 20165 and recommendations by the Neuromodulation Appropriateness
Consensus Committee (NACC) in 2018.2"

The DRG acts as more than a transmitter of the bulk of sensory information from the periphery to the central nervous
system.>'? It actively regulates afferent nociceptive signaling to the anterolateral system.”? The DRG neurons have
sensory cell bodies and pseudo-unipolar morphology with T-junctions, which are axonal bifurcations.>?>***> These
neurons may inhibit action potentials propagating from a nociceptor to the dorsal root entry zone, contribute to the
transmission of electrical signals, or act as a low-pass filter to electrical impulses from the periphery.”?* They consist of
somatic fibers, which originate from a consistent region corresponding to their dermatome, and sympathetic fibers, which
contain information from outside the dermatome. This mix of somatic and sympathetic afferents implies each DRG
contains fibers that derive from a broader region beyond the boundaries of a single dermatome.?'”

The DRG plays a crucial role in the pathogenesis of neuropathic pain. In response to peripheral nerve injury, the DRG

becomes inflamed, inducing a hyperexcitable state®* 226

with ectopic firing of the cell bodies™" that impairs its filtering
ability at the T-junction. The surrounding glial cells, cytokines, neurotrophic factors, ion channels, and neurotransmitters
contribute to pathologic changes in the DRG that perpetuate and amplify neuropathic pain, which clinically manifest as
central sensitization and allodynia.”?’ Changes in the electrophysiological membrane, integral membrane proteins, and
genetic changes are implicated in this process.***

DRG-S is thought to achieve analgesia through normalization of the hyperexcitable state of DRG neurons in

neuropathic pain.?*’ Through a downstream effect, DRG-S not only stabilizes peripheral nociceptors but also sensitized
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wide-dynamic-range neurons in the dorsal horn and the potential modulation of supraspinal brain areas.>****! Moreover,
crossover fibers in the sympathetic chain and sacral plexuses are hypothesized to allow the electrical stimulation of one
DRG to stabilize neighboring or contralateral segments.>**> The result is pain relief in unstimulated regions that
correspond to neighboring DRGs, in addition to the stimulated region that correspond to the targeted DRG.**’

Sacral Dorsal Root Ganglion Stimulation

Unlike thoracic or lumbar DRG, the sacral DRG is mostly found within the spinal canal, with occasional presence in the
foraminal region. None has been identified outside the foramina.>*> DRG-S in the sacrum offers focal, often paresthesia-
free stimulation to a painful area innervated by S1, S2, or S3 spinal nerves.”?® It is worthy to note that DRG-S induces
paresthesias but does not rely on them.”** While DRG-S has shown to be more effective for CRPS than SCS, it provides
less paresthesia coverage in painful areas.*> Over time, more than one-third of patients become paresthesia-free without
compromise in pain control.”*® The DRG lies outside the blood-brain barrier enveloped by a thin layer of cerebrospinal
fluid, which enables subthreshold stimulation that lead to reduction in the sensation of paresthesia.”*’

Sacral DRG-S may treat chronic pain in the back, foot, and pelvis. Of these, pelvic pain is often most difficult to treat
due to the presence of lumbar and sacral innervations in the viscera posing challenges in simultaneously addressing all
pain areas. For a patient experiencing pain in the bladder, inguinal region, and perineum, simultaneous stimulation is
required across the distributions of the ilioinguinal, hypogastric, genitofemoral, pudendal, and inferior rectal nerves. This
corresponds to the T12, L1, L2 as well as S2 and S3 dermatomal distributions.**® It is recommended to adhere to strict
selection criteria when treating for pelvic pain. This involves identifying the mechanism of injury (whether surgical or
trauma-related) and associated pathology, while also distinguishing between visceral and somatic types of pain.?'”

Currently, the FDA-approved sacral levels for DRG-S are S1 and S2. However, it is within standard of care to implant
S3 if indicated.”** DRG-S is recommended as an effective therapy in CRPS type I and II of foot and ankle, where S1 is
one of the most commonly placed DRG levels. It is also recommended in patients with chronic postoperative surgical
pain of the foot and ankle on a case-by-case basis. It may be considered in phantom lower limb pain/post-amputee
syndrome involving S1.>' DRG-S involving sacral region has been also studied in chronic pelvic pain, failed back
surgery syndrome (FBSS) involving S1, pudendal neuralgia including testicular pain the scrotum (S2 and S3), and nerve
injuries (eg radiculopathy, peripheral neuropathy) associated with S1 and S2 distribution.**” It is hypothesized that there
is crosstalk between adjuvant DRGs, thereby placement of a lead at one level may lead to analgesia at adjacent levels.?*°
One case series reported the outcome of S1 DRG-S in five patients diagnosed with CRPS of the foot from prior lumbar
spine surgery. All patients experienced substantial pain relief of the entire foot with single S1 DRG lead placement as

well as improved quality of life at 6 months follow-up.>*!

Lumbar Dorsal Root Ganglion Stimulation

Lumbar DRGs are found in close proximity to the foraminal spaces where the nerves exit. On radiologic imaging, they
are identified at the caudal aspect of the neuroforamen on AP view and posterior to the vertebral body on lateral view.>*
According to one study, the L1-L3 DRGs were either extraforaminal or foraminal and the L4 DRGs were in the foraminal
region.”*? The L5 DRGs were predominantly foraminal, with the possibility of being intraspinal, especially in females
(not statistically significant).*****?

The lumbar DRGs are thought to play a significant role in development of low back pain and sciatica and are highly
susceptible to mechanical compression.”** These pain conditions start with peripheral nerve damage, which triggers
inflammatory responses within the DRG. The DRG undergoes a cascade of changes which involve activated satellite glial
cells releasing proinflammatory cytokines that increase neuron excitability and recruit immune cells.”*>** DRG
infiltration by macrophages, T cells and neutrophils is associated with mechanical hypersensitivity and allodynia.**’-4¢
In addition, PNS injury induces release of neurotrophic factors that upregulate pain-related genes and DRG sensory

251
and

neurons.”*>*% It further alters ion channel currents leading to increased spontaneous action potential activity
modulates synaptic transmission leading to hyperactivity in glutamatergic transmission.”>>*>> These changes induce

DRG neuron hyperexcitability and genetic alterations, contributing to chronic pain perception.
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Lumbar DRG-S is used to treat nociceptive and neuropathic pain in the low back and lower extremities as well as
pain known to be difficult to capture by traditional dorsal column SCS (eg diabetic and nondiabetic neuropathy). One of
the ways it reverses neuronal hyperexcitability is through calcium-activated potassium channels in T-junctions of primary
sensory neurons, which drives hyperpolarization of C-fibers membranes. By inducing action potential failure, DRG-S is
postulated to amplify filtering at the T-junction and block aberrant pain signaling from reaching the central nervous
system.”>* In addition to modulating peripheral responses, DRG-S may have a sympatholytic effect due to the anatomic
configuration of DRGs linked with the paravertebral sympathetic chain via grey (unmyelinated, efferent) and white
(myelinated, afferent, C8-L2 only) communicating rami. This sympathetic-inhibiting action makes DRG-S more advan-
tageous than neuromodulation at other neural targets, particularly in CRPS, in which an increase of alpha peripheral
receptors on nociceptive fibers and endothelial dysfunction produce sympathetically mediated pain.?*°

DRG-S is FDA-approved for all lumbar levels. There is strong evidence for the use of lumbar DRG-S in CRPS type
I and II of the lower extremity.*'” The pivotal ACCURATE study was based on DRG-S predominantly at lumbar levels
and demonstrated the superiority of DRG-S to thoracic SCS.**' Lumbar DRG-S may be used for select cases of diabetic
or nondiabetic peripheral neuropathy. In 6 out of 12 patients with axial low back pain due to failed back surgery
syndrome, DRG-S at L2 or L3 resulted in greater than 50% pain reduction at 12-months in one prospective study.*>>
Lumbar DRG-S has also been studied in radiculopathy, postsurgical neuropathy, and neuropathic pain of the groin/hip

(L1-2), abdomen (L1), buttock (L1), pelvis (L1), knee pain (L3-4), or foot pain (L4-5).%’

Thoracic Dorsal Root Ganglion Stimulation

Thoracic DRGs are mostly locate in the intervertebral foramina between the corresponding vertebrae. Little is known
regarding their anatomy, positioning, and variations.”>® Depending on the level, thoracic DRGs may be targeted to treat
chronic refractory pain in the upper extremity (T1), trunk, or lower extremity (T11-12). Of these, DRG-S of high-thoracic
spinal ganglia demands specific technical considerations. Due to anatomic distinctions, needle placement requires a more
steep approach through the interlaminar space to reach the targeted neuroforamen. This approach, coupled with the
presence of the spinal cord (as opposed to the cauda equina in the lumbar region) and thin CSF layer, elevates risk of
spinal cord injury. Needle entered too laterally will increase the risk of ventral lead placement, leading to motor
stimulation.>’

The clinical significance of thoracic DRG-S often arises in postoperative or post-infectious etiologies of pain such as
neuropathic pain from post-thoracotomy syndrome or post-herpetic neuralgia (PHN).>** In Post-thoracotomy syndrome,
the affected level is stimulated as well as an adjacent level for support. Interestingly, DRG-S in PHN targets above and
below the affected level rather than the affected level itself.?*® This may be due to the observation that stimulation of the
affected ganglion causes immediate increased pain, while stimulation of adjacent levels with overlapping dermatomes
actually decrease pain.>’ PHN is notoriously difficult to treat, and no consensus exists regarding recommendation for

DRG-S as evidence is based on case studies and results are somewhat mixed.?>’>°

Cervical Dorsal Root Ganglion Stimulation

For certain upper extremity neuropathic or nociplastic pain, cervical DRG-S may be considered. Some possible
indications may include peripheral neuropathy, brachial plexus avulsion injuries, compression neuropathies, mononeuro-
pathy (eg median, ulnar, radial) and CRPS type I and II of the upper extremities.”*® Compared to SCS, DRG-S may offer
more precise targeting in the treatment of hand and upper extremity pain through more specific dermatomal coverage
with potentially less variability in intensity.

In CRPS of the upper limbs, the heightened pain signals in the upper extremities travel from the peripheral receptive
field to the DRG. This surge in pain afferents drive changes in the expression and function of sodium channels.
Additionally, there is an increased production of neuroinflammatory substances that modify membrane excitability.
This alteration results in the generation of ectopic and spontaneous action potentials across all DRG neurons connected to
the peripheral nerves of the brachial plexus (C5-T1), a phenomenon known as convergence.”*"

C8 and T1 DRG-S appears to an optimal approach for addressing CRPS affecting the hand and wrist, based on
several factors: First, pain signals from the hand and wrist travel through peripheral nerves to the brachial plexus (C5-T1)
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, thereby crosstalk phenomenon is more likely between DRGs of the same brachial plexus rather than with those at lower
levels. Additionally, the C8-T1 level, which includes the stellate ganglion, possesses a higher concentration of sympa-
thetic fibers compared to levels above, making it more conducive to a sympatholytic effect than a superior level '

It is important to note that the location of the cervical DRG, in relation to the pedicle, particularly varies between
levels. The cervical DRG are found foraminal in close proximity to its respective nerve root. The distance between the
thecal sac and the nerve root increases when descending from the upper to lower cervical nerve roots.>*® Thus, the
location of the DRG tends to be more lateral than the level above. Also, due to the high mobility of the cervical spine,
cervical DRG-S carries increased risk of lead migration.?>’

Evidence on cervical DRG-S is sparse and based on case reports or series. Currently, there are no FDA-approved cervical
levels for DRG-S. In Europe, DRG-S received CE mark since 2011 and has no anatomical limitations.?'® Considering recent
recommendations emphasizing best practices for cervical neurostimulation, it is advised to limit DRG-S to the lower cervical
spine due to increased risk of vascular and neurologic injuries.’** Upper cervical levels are generally more difficult to safely
target due to the smaller diameter of the central canal.>*> Moreover, the vertebral artery bisects the transverse process canal
(coursing ventral to the DRG) above C7 level.®> The ligamentum flavum may also be absent above C6.2%¢7 NACC
recommends a conservative approach, advocating for cervical epidural entry for lead placement at C6 or lower.”** Further

research is needed to assess the efficacy of cervical DRG-S in treating upper extremity pain.

Frequency of DRG Stimulation

The DRG is a coalition of cell bodies belonging to primary sensory neurons. The axons of these sensory neurons encompass
a diversity of fibers with varying sizes and excitability, including Ap, A8, and C fibers.”*° A key mechanism of pain relief from
DRG-S involves the preferential activation of A, Ad, and C fibers at low frequencies. By producing action potentials at
extremely low frequencies, DRG-S effectively blocks pain stimuli through the activation of opioid receptors without involving
the GABA system.”® Pain alleviation appears to be a result of multiple mechanisms, encompassing various factors such as the
activation of inhibitory interneurons in the dorsal horn, as proposed by the gate-control theory.269

Frequency is defined by the number of pulses that are applied in a given time duration. Traditional (tonic) SCS leads
are placed in the dorsal epidural space and employs continuous stimulation within the frequency range of 40—-100 hz. The
orthodromic stimulation at the dorsal columns generate paresthesias in dermatomes corresponding to the patient’s pain
location. This stimulation involves pulse widths on the order of hundreds of microseconds. In contrast, DRG-S is
commonly programmed at frequency range of 10-50 hz, with pulse widths between 30 to 1000 microseconds and an
amplitude around 1 mA.*** The ACCURATE study utilized a setting of frequency at or above 16 hz and average pulse
width of 260 microseconds.

Recent work on very low frequency (<5 hz) DRG-S have theorized low-threshold mechanoreceptor (LTMR) mediated
inhibition as another primary mechanism of DRG-S.>’" The DRG houses not only nociceptive fibers but also non-
nociceptive LTMR fibers that carry light touch and mechanosensation afferents.””! LTMRs fire frequencies of 0.5-5
Hz*"? and are modulated by endorphins®’® At very low frequencies, DRG-S is thought to selectively stimulate LTMR
fibers to modulate and transmit pain.”®® In a prospective study of 20 patients, DRG-S frequency was tapered to 4 hz

without loss of pain relief at 17 weeks.?”*

Woaveforms and Amplitude

Neuromodulation devices mostly utilize square waves that are delivered at a constant frequency and fixed pulse width.
These waves are administered either continuously without interruption, or in grouped intervals known as “bursts.” During
programming sessions, amplitudes are typically adjusted based on patient feedback or previous anecdotal data indicating
which amplitude level has been helpful.*”

The amplitude refers to the current when in constant current mode, and voltage when in constant voltage mode. SCS
induces paresthesias when applied with sufficient amplitude. In high-frequency SCS (commercially known as HF10),
which tends to be paresthesia-free, delivers an amplitude of 1-5 mA, which is below the paresthesia threshold unlike in
tonic SCS. Similarly, DRG-S is typically programmed at amplitude around 1mA. The notably lower amplitude of DRG-S
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compared to tonic SCS appears to be related to the proximal location of the electrode to the site of action and the relative
lack of CSF.>**

The diverse waveforms available in SCS has not yet been applied in DRG-S, which is a relatively new technology. The
different SCS waveforms operates through a variety of mechanisms, implicating the engagement of the wide dynamic neurons
in the dorsal spinal cord, activation of A fibers, supraspinal effects, and both antegrade and retrograde influences. Overall, it is
observed that different waveforms exhibit distinct behaviors. An exact understanding of these processes, while considering the
fiber threshold hypothesis, remains unclear.?”> Currently, only tonic DRG-S is used clinically. However, a preclinical study
using rats demonstrated that burst stimulation of L5 DRG was equal in efficacy to conventional DRG-S in a model of painful
diabetic peripheral neuropathy.?’® As our understanding of the pathophysiology of pain and mechanisms of DRG-S improves,
tailoring waveforms to specific pathways can optimize treatment strategies.

Conclusions

Chronic pain presents several major clinical, social and economic setbacks and has therefore been the focus of ongoing
global research. A large number of studies has been undertaken in the understanding of the pain pathways and the
pathophysiology of chronic pain. Such pathways are complex processes with multiple interdependent structures con-
trolled by multiple modulatory systems consisting of neuronal, inflammatory and endocrinological components. These
processes are further complicated by the fact that chronic pain is a highly heterogeneous disorder and most systemic
treatments are associated with significant side effects. The aim of chronic pain management should therefore focus on
prevention, as the consequent sensitization of pain pathways results in a positive feedback loop and multiple pathological
changes at peripheral, spinal and supra-spinal levels. Treatment goals should target precise portions of the pain pathways
by way of disease modifying therapies to eradicate any contributing peripheral and central sensitizations.

While the genetics of pain have been a hot topic in recent years, what has also emerged has shown that there are
several distinct neural circuits associated with pain that can potentially be disrupted and thus utilized. Neuromodulation
techniques leverage these existing neural circuits to create therapies to intervene upon the pathways which carry pain
signals. As new therapies evolve, there will be a major need to tailor therapy utilization, dosing and targeting to the
neural response created by the delivered electrical current. These therapies continue to offer hope to both the patients
suffering from these conditions as well as tools for physicians who face the constant challenge of improving patient
suffering, function and quality of life.
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