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Abstract: Acutely, pain serves to protect us from poten-
tially harmful stimuli, however damage to the somato-
sensory system can cause maladaptive changes in neurons
leading to chronic pain. Although acute pain is fairly well
controlled, chronic pain remains difficult to treat. Chronic
pain is primarily a neuropathic condition, but studies
examining the mechanisms underlying chronic pain are
now looking beyond afferent nerve lesions and exploring
new receptor targets, immune cells, and the role of the
autonomic nervous system in contributing chronic pain
conditions. The studies outlined in this review reveal how
chronic pain is not only confined to alterations in the
nervous system and presents findings on new treatment
targets and for this debilitating disease.
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Introduction

Pain is defined by The International Association for the Study
of Pain (IASP) [1] as “an unpleasant sensory and emotional
experience associated with, or resembling that associated
with, actual or potential tissue damage.” Most studies
consider pain in an acute/chronic dichotomy. Chronic pain is
defined as pain that persists or reoccurs for more than three

months and causes immense suffering [2]. Chronic pain af-
fects an estimated 20% of people worldwide and account for
15%–20% of physician visits [3]. Recently, the corona virus
disease 2019 (COVID-19) pandemic has led to an increase in
pain reports, as one common symptomof COVID-19 is pain. It
is likely that due to both virus and stress triggers the preva-
lence of chronic pain has increased [4]. When felt acutely,
painevokesan innatenociceptive response that aids thebody
in avoiding further harm. While this response may be
evolutionarily useful, numerous conditions and diseases can
lead to the generation of pathological chronic pain. Patho-
logical pain conditions are generally categorized into (1) in-
flammatory pain following tissue injury, (2) cancer pain, (3)
neuropathic pain following nerve, spinal cord or brain injury,
and (4) drug-induced pain. Pain can elicit a characteristic
behavioral response in humans [5, 6] as well as laboratory
animals. Pain assays generally measure two categories of
behaviors: spontaneous pain and evoked pain. Spontaneous
pain can be measured using the grimace scale, burrowing
assays, gait analysis, weight bearing and automated behav-
ioral analysis without stimuli [7]. Evoked pain assays mea-
sure the subjects’ responses to external stimuli and quantify
two pain states, hyperalgesia and allodynia. Hyperalgesia
refers to increased response to noxious mechanical and
thermal stimuli, where allodynia refers to nociceptive re-
sponses to innocuous stimuli. Numerousanimalmodels have
been developed to measure pathological pain conditions. In
Table 1,we summarize the commonpain conditions and their
corresponding animal models.

Significant conceptual and technological advances in
the field of pain and somatosensory physiology in the past
several decades have led us to understand pain as a unique
sensory modality within the somatosensory system (along
with the other senses, such as of proprioception, itch,
touch and temperature) [8]. Somatosensory information
including pain is detected by primary sensory neurons
whose cell bodies are located in the dorsal root ganglion
(DRG). The peripheral branches of DRG neurons extend
into the skin and internal organswhere they detect external
stimuli via various mechanical, chemical and thermal re-
ceptors. This information is transmitted to the spinal cord
and eventually the brain.

It is generally understood that neuronal plasticity in
the peripheral nervous system (PNS) and central nervous
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system (CNS) is crucial in the transition from acute to
chronic pain. Yet the initiation of chronic pain is also
influenced by other non-neuronal cell types, including
epithelial, immune and glial cells.

In this review, we summarize our current under-
standing of the non-neuronal and neural mechanisms of
chronic pain. We will focus on peripheral tissues, where
chronic pain originates, and ask the question from a
neuron-centric standpoint: what types of neurons sense
pain? What receptors do these neurons utilize to detect
what types of stimuli? Which molecules in the periphery
activate or modulate pain sensory neurons and how do
these signals affect action potential initiation and trans-
mission in pain sensory neurons?

Pain sensory neurons

Sensory information first triggers receptors found on pe-
ripheral afferents which then transmit these signals
through nerves to the spinal cord and onto the brain. The
cell bodies of these peripheral nerves reside in the DRG and
trigeminal ganglia (TG). DRG sensory neurons display a

wide range of characteristics and properties that help to
sort and transmit various types of signals. DRGneurons can
be classified by cell body size, degree of myelination and
axon caliber, electrophysiological properties including
conduction velocities and gene expression profiles. There
are four widely accepted categories: (1) myelinated
Aα-type, large diameter cell bodies, fast conduction ve-
locities, thickly proprioceptive neurons; (2) myelinated
Aβ-type, large diameter cell bodies, fast conduction ve-
locities, low-threshold mechanoreceptors (LTMRs) that
mediate touch; (3) lightly myelinated Aδ-type, medium
sized, intermediate conduction velocities, nociceptive
neurons and (4) unmyelinated C-type, small diameter,
slowest conduction velocities, thermoreceptors, low-
threshold mechanoreceptors, pruriceptors and noci-
ceptors. Electrophysiological recordings revealed that
most pain neurons belong to C-type, Aδ-type neurons and a
small population are Aβ-type neurons [9].

The gene-expression profiles of DRG neurons are
extremely useful in assigning physiological functions of
neuron types: receptor expression is a good predictor of
ligand specificity, while ion channels and transmitter syn-
thesis/transport machineries indicate the mode of

Table : Common pain conditions in human and corresponding animal models.

Chronic pain category Human disease Animal models

Neuropathic pain Neuroma Axotomy (complete sciatic nerve transection)
Causalgia; neuropathies; chronic widespread
pain (CWP); complex regional pain syndrome
(CRPS); temporomandibular disorder (TMD);
peripheral nerve injured by trauma

Chronic constriction injury (CCI); partial sciatic nerve ligation (PSL);
spinal nerve ligation (SNL); cuffing-induced sciatic nerve injury (PNI);
spared nerve injury (SNI)

Trigeminal neuralgia Compression of trigeminal ganglion; CCI to infra-orbital nerve
Low back pain Nucleus pulposus (NP) applied to the lumbar dorsal root ganglia (DRG)

and/or adjacent nerve roots (NP) model; chronic compression of the
DRG model (CCD); L DRG is inflamed by zymosan in incomplete
Freund’s adjuvant

Postoperative pain Incision model
Diabetes-induced neuropathy Streptozotocin (STZ) -induced neuropathy model
Post-herpetic neuralgia Varicella zoster virus-induced neuropathy

Inflammatory pain Peripheral nerve inflammation Cutaneous and subcutaneous models: complete Freund’s adjuvant
(CFA); formalin model; carrageenan model

Inflammatory bowel disease (IBD) Dextran sodium sulfate (DSS); ,,-trinitrobenzene sulfonic acid
(TNBS)

Arthritis Joint inflammation models: CFA; carrageenan; Collagen-induced
arthritis (CIA); Collagen-antibody-induced arthritis

Fibromyalgia symptoms (FMS) Intraperitoneal injection with IgG fibromyalgia patients
Cancer pain Tumor mestastases to the skeleton Bone cancer pain models: femur, calcaneus, tibial with inoculation of

cancerous cells into respective bones
Melanoma skin cancer Injection of melanoma cells in plantar region of hind paw

Drug-induced pain Cancer patients after drug treatment Anti-cancer agents (vincristine, cisplatin, oxaliplatin, paclitaxel)
models

Anti-HIV drugs-induced neuropathy Anti-HIV agents (,-dideoxycytidine, didanosine)
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conductance and synaptic transmission in the spinal cord.
Recently, different groups have performed transcriptome
profiling of DRG neurons at the single-cell and population
level using next generation RNA sequencing (RNA-seq)
technologies [10–16]. Despite minor difference on the spec-
ificity and expression of certain genes, the RNA-seq analyses
are generally in agreement, and the assignment of neuronal
subtypes is consistent with traditional criteria based on cell
body size and electrophysiological properties. Based on
principal component analysis of single-cell transcriptomes,
DRG neurons in mouse were generally categorized by 11
subgroups: neurofilament containing (NF) 1–3 subtypes
represent myelinated Aβ-type LTMRs which transmit tactile
information; NF4 and 5 are proprioceptors which sense the
position and movement of the body; tyrosine hydroxylase
containing (TH) are unmyelinated C-type LTMRs that
mediate mechanical pain and pleasant touch; peptidergic
nociceptors (PEP1) are unmyelinated peptidergic thermo-
sensitive nociceptors that co-express genes encoding neu-
ropeptides, such as calcitonin gene-related peptide (CGRP)
and substance P; PEP2 are lightlymyelinated peptidergic Aδ
nociceptors that express CGRP and the neurofilament heavy
chain protein (NEFH); non-peptidergic nociceptors (NP)1
correspond to Mas1-related G protein-coupled receptor
(Mrgpr)D+ neurons, non-peptidergic unmyelinated poly-
modal nociceptors that respond to noxious mechanical,
thermal stimuli and pruritic stimuli.

The neuronal types relevant to pain have been care-
fully reviewed recently [17]. Consistent with classical
electrophysiological characterizations, small diameter
unmyelinated Aδ and C fibers (including PEP1, 2 and NP)
are primary sensory neurons of pain. It is worth noting that
these categories are based on transcriptomic profiling of
healthy animals. In chronic pain conditions, the gene
expression profiles of nearly all neuronal types undergo
change [18, 19].

In the skin, where peripheral branches of nociceptive
neurons are best characterized, the axons of terminal
branches extend into both the dermis and epidermis,
receiving a wide variety of stimuli via cell surface receptors
(see Figure 1). We will briefly review the causes of chronic
pain in the context of the affected fields innervated by DRG
neurons and go over themajor categories of known chronic
pain mediators, their cellular sources, their receptors on
the neuronal membrane and the signal transduction
pathways that affect the firing of an action potential by
which sensory information is transmitted to the CNS.

Peripheral terminals of DRG neurons innervate many
types of tissues, each of which contain a multitude of re-
ceptors for various mediators. These organs and tissues
have certain histological structures, including blood and
lymphatic vessels, where a variety of immune cells reside.
Decades of study has found that immune cell infiltration
and release of inflammatory mediators at sites of neuronal
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Figure 1: Major cell types involved in pain in
the peripheral tissue. Pain sensory
information is primarily received by small
diameter Aδ and C type sensory neurons. The
peripheral axons of sensory neurons form
elaborate terminal branches that extend into
both the dermis and epidermis, receiving a
wide variety of stimuli via cell surface
receptors. Under physiological conditions,
the microenvironment is in dynamic balance.
In chronic pain condition, keratinocytes,
mast cells and macrophages are activated
and release mediators that stimulate or
sensitize nociceptive neurons. Circulating
immune cells such as neutrophils, are
recruited from the blood stream. Schwann
cells that normally ensheath the axon
bundles degenerate. In addition,
sympathetic nerves, which normally do not
innerve the dermis, sprout into the upper
dermis and epidermis and directly interact
with the sensory system. DRG, dorsal root
ganglia.
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trauma contribute to chronic pain. Since the focus of this
review is on neuronal mechanisms of chronic pain, we will
focus our discussion on immune cells and inflammatory
mediators with well-established neuronal receptors that
directly affect nociceptor activation. And we will discuss
the peripheral nerve terminal activation (see Figure 1) and
cell body activation in DRG (see Figure 2). We will briefly
review the causes of chronic pain in the context of the
affected fields innervated by DRG neurons and go over the
major categories of known chronic pain mediators, their
cellular sources, their receptors on the neuronalmembrane
and the signal transduction pathways that affect the
afferent firing.

Below, we review the major non-neuronal cell types
and the mediators they release that activate primary
nociceptors during pain.

Peripheral nerve terminal
activation

Role of epithelial cells

Here, we collectively refer to keratinocytes in the skin and
epithelial cell types in the colon andother internal organs as
epithelial cells [20]. Keratinocytes are the primary cells of
skin. The peripheral terminals of DRG neurons extend to
Keratinocytes.Whenepithelial cells are injured, they secrete

various neuroactivemediators that contribute to pain. These
include adenosine 5′-triphosphate (ATP), nerve growth
factor (NGF), interleukin (IL)-6, IL-1b, tumor necrosis factor
α (TNF-α), and endothelin-1. We discuss some of these
important mediators and their neuronal receptors in detail.

Administration of ATP to the skin evokes pain behavior
both in human [21, 22] and animals [23]. Innocuous and
noxious touch induce release of ATP from keratinocytes,
which directly acts on ionotropic purinergic receptor
(P2X4) ion channel receptors on the sensory neurons [24].
Other diseases such as post-herpetic neuralgia and com-
plex regional pain syndrome are accompanied by an in-
crease in epidermal ATP release which can lead to
excessive activation of P2X receptors on sensory neurons
and may elicit pain [25]. ATP can also act on purinergic
receptor (P2Y) G-protein-coupled receptor (GPCR)-coupled
receptors on sensory neurons [26]. The underlying excita-
tionmechanisms of the P2Y receptor could be induced thru
sensitization of the transient receptor potential cation
channel subfamily V1 (TRPV1) [27] andmodulation of other
ion channels such as potassium channels (Kv7) [28] and
mechanotransduction channels [29].

NGF was discovered originally as a neuron survival
factor during development. NGF binds to its high-affinity
receptor, tropomyosin receptor kinase (Trk) A expressed on
nociceptor neurons [30]. NGF/TrkA signaling can sensitize
TRPV1 [31] and alter the expression of genes including
those encoding Nav1.8 Na+ channels (Scn10a) [32, 33],
acid-sensing ion channel 3(Accn3) [34], TRPV1receptors
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Figure 2: Major cell types involved in pain in
the DRG. Under physiological condition, DRG
neurons are isolated fromeach other by SGCs
and the neurons, glial cells and a small
number of tissue resident immune cells form
a microenvironment in dynamic balance. In
chronic pain, macrophages are activated and
release a milieu of inflammatory factors, and
some blood-borne immune cells including
neutrophils and T cells are recruited into the
DRG. Sympathetic nerves, which usually
terminate at the blood vessels, sprout into
the DRG and form synaptic connection with
DRG neurons, resulting in ectopic sensory
activation. DRG, dorsal root ganglion; SGC,
satellite glia cell.
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(Trpv1) [35], brain derived neurotrophic factor (BDNF)
(Bdnf) [36] and substance P(Tac1) [37].

IL-6 is a family of neuropoietic cytokines. Intraplantar
injection of IL-6 inducesmechanical hyperalgesia in a dose
dependent manner [38]. The effect of IL-6 on pain neurons
may be direct, as IL-6 can elicit rapid calcium transients in
around 33%of culturedDRGneurons [39]. IL-6 has can also
lead to neuronal activation via the soluble IL-6 receptor
together with gp130 to promote phosphorylation of TRPV1
through activation of protein kinase C (PKC)-δ via Grb2-
associated binder-like protein (Gab)1/2/phosphatidylino-
sitol 3-kinase (PI3K) [40]. IL-6/soluble IL-6 receptor/gp130
signaling can potentiate the heat-evoked CGRP release [41].

IL-1b and tumor necrosis factor α (TNF-α) are pro-
inflammatory cytokines. Intraplantar injection of IL-1b or
TNF-α can elicit both mechanical and thermal hyper-
algesia [38, 42]. TNF-α binds to its receptor-TNFR1 and
potentiate tetrodotoxin (TTX)-resistant Na+ channels
through the activation of p38 mitogen-activated protein
kinase (MAPK) pathway [43, 44]. Similarly, IL-1b binds to
IL-1R receptor to potentiate TTX-resistant Na+ channels
via the activation of the p38 MAPK pathway as well [45].
In addition, IL-1b can also induce pain neurons releasing
SP via the cyclooxygenase-2 system [46].

Endothelin-1 is a 21-amino-acid peptide known to
have vasoconstrictive properties [47]. Subcutaneous
plantar injections with endothelin-1 were shown to pro-
duce pain behavior through activation of endothelin
(ET)-A receptors [48, 49]. Taken together, these findings
illustrate the diversity of epithelial–neuronal pain
pathways.

Role of immune cells

There are various types of immune cells that contribute to
chronic pain including mast cell, neutrophils, activated
macrophages, and T lymphocytes. Here, we provide an
overview of immune cells and how they modulate periph-
eral sensory nerves.

As a first responder of the immune system, mast cells
are distributed widely in the body and found anatomically
to coexist with sensory nerves. Mast cells are characterized
by their numerous granules that contain a larger number of
bioactive substances. Upon activation, mast cells undergo
degranulation releasing the content of their cytosolic
granules. These granules contain include histamine, pro-
teases, serotonin, cytokines such as granulocyte–macro-
phage colony-stimulating factor (GM-CSF), IL-1,3,4,5,6 and
TNF-α, and chemokines such as CC chemokine ligand
(CCL)1, CCL2, CCL3, CCL4 [50, 51]. Those mediators can

target their specific receptors on sensory nerve terminals
leading to peripheral afferent sensitization and inflam-
matory pain [52–54]. Mast cell degranulation also regulates
nociceptive sensation via histaminergic and non-
histaminergic pathways. Our lab found that activation of
the mast cell specific receptor Mas-related G-protein-
coupled receptor (MrgprB2), as well as its human homolog
MRGPRX2, preferentially leads to tryptase release over
histamine, leading to itch that was distinct from classical
IgE-FcεRI histaminergic itch [55]. Moreover, our group
demonstrated that MrgprB2 receptor can be activated
directly by the neuropeptide substance P [56]. This result
may explain why blockade of the canonical substance P
receptor, neurokinin (NK)1, was found to be insufficient
to prevent substance P induced pain. Furthermore, our
lab identified that MrgprB2 as a receptor specific to con-
nective tissue mast cells, not on DRG neurons, and pro-
ceeded to demonstrate that mice lacking the MrgprB2
receptor had reductions in inflammatory hypersensitivity
after injury [57, 58]. This effect was induced by release of
multiple pro-inflammatory cytokines and chemokines
which facilitate immune cells infiltration and concomitant
peripheral afferent sensitization.

Neutrophils are the earliest recruited innate immune
cell, infiltrating tissues from the blood in response to tissue
injury. Although inflammatory mediators released by
neutrophils such as interleukins, prostaglandin E2 (PGE2)
and TNF-α, can sensitize the nociceptive neurons [59],
knowledge regarding the crosstalk between neutrophils
and nociceptive never terminals is still limited. Interest-
ingly, studies have shown that inhibition of neutrophil
accumulation in the periphery can decrease pain after
inflammation [60–62].

Activated macrophages can modulate pain dependent
on their class, one of which is the pro-inflammatory M1-like
phenotype, while the other anti-inflammatory M2 pheno-
types [63]. Here, we focus on their pro-inflammatory func-
tion. Like other types of immune cells, activated
macrophages can release many inflammatory mediators
such as IL1, NGF, and TNF-α sensitizing the nerve. Angio-
tensin II type 2 receptor (AT2R) antagonists have been
shown to reducepainbehavior in rodentswithdifferent pain
models [64–66]. A recent study reported that activation of
AT2R in macrophages found at the site of injury, but not in
DRG neurons, triggers production of reactive oxygen/nitro-
gen species which can activate nociceptors via activation of
the cell damage/pain-sensing ion channel TRPA1 [67]. In
addition, the complement system component C5a can
induce thermal andmechanical hyperalgesia depending on
activated macrophages in the skin, involving the release of
NGF [68, 69]. NGF binding to its receptor on the terminals of
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nociceptors sensitizes TRPV1 receptors on nociceptors,
eliciting hyperalgesia. Phagocytosis is a key function of
macrophage in the resolution of inflammation. Activation of
putative peptidergic G protein-coupled receptor (GPR) [37]
expressed onmacrophage by neuroprotectin D1 (NPD1) was
found to be involved in phagocytosis and phenotypic
switching from proinflammatory to anti-inflammatory
signaling [70].

In summary, increasing evidence suggests that im-
mune cell play a major role in many chronic pain condi-
tions. Peripherally targeting immune cells and their
mediators may offer novel therapeutic potential.

The role of terminal Schwann cells

Neurons in both the peripheral and central nervous systems
are sheathed by glial cells. Glia provides structural and
nutritional support for neurons and are critical insulators for
the conduction of electrical signal along the sometimes
meters long axons. In the peripheral nervous system axons
of DRG neurons are ensheathed by Schwann cells [71].

Schwann cells are classified by two types: the myeli-
nating Schwann cells wrapping A fibers including Aβ and
Aδ in a 1:1 ratio to produce a myelin sheath, and the non-
myelinating Schwann cell encompassing C fibers, in what
is called a Remak bundle [72, 73]. Under physiological
conditions, both types of Schwann cells can support,
trophically nourish and insulate axons. After nerve injury,
Schwann cells can detect and respond to the injury
rapidly. Schwann cells undergo phenotypic change,
proliferating and interacting with axons to produce a large
number of glia mediators such as ATP, growth factors
(NGF, BDNF, and neurotrophin-3 and 4), erythropoietin
(Epo), cytokines (TNF- α, IL-1 and IL-6) and chemokines
(CCL1 and COX2) [74]. Some glia mediators such as TNFα,
IL-1α, and IL-1β released by Schwann cells can recruit
macrophages, which can indirectly affect the condition of
axon excitability [75]. Along with signaling to neurons,
some mediators released by Schwann cells also act on
Schwann cells themselves in an autocrine manner. For
example, NGF can target both on Schwann cells and
axons. This trophic factor can act on its’ high-affinity
tropomyosin-related kinase A receptor (TrkA) on the axons
of DRG neurons, as well as its’ low-affinity nerve growth
factor receptor (LNGFR) on Schwann cells [76, 77].

In response to nerve injury, Schwann cells receive sig-
nals that reduce their cell death and prevent axon degen-
eration, thereby ameliorating chronic pain states. These
include the activation of Epo receptors (EpoR) by Epo [78],

low density lipoprotein (LDL) receptor-related protein
(LRP1) by LDL [79–81], NMDA receptors (NMDA-R) [82] and
γ-aminobutyric acid type B (GABA-B) receptors [83–85] by
glutamate.

Conversely, the activation of P2X7receptors by
ATP [86, 87], Toll-like receptor 2 (TLR2) by damage-
associated molecular patterns (DAMPs) [88], Lysophos-
phatidic acid 1(LPA1) receptors by LPA [89–91], and
TRPA1 receptors [92] signaling in Schwann cells can
exacerbate axonal degeneration and worsen chronic
pain.

ErbB signaling can be pro- or anti-pain depending
ligandactivation. Deficiency ofNeuregulin/ErbB–mediated
ErbB phosphorylation signaling in myelinating Schwann
cells leads to hypomyelination and hypersensitivity to
mechanical stimuli [93–95]. Leprosy induces neuropathic
pain in both patients and animal models [96, 97].M. leprae
was shown to directly bind to and activate ErbB2 and Erk1/2
and induce demyelination [98]. This demyelination may
lead to sensory alterations and chronic pain.

Schwann cell degeneration can also affect neighboring
axons. Transection of the fourth and fifth lumbar ventral
root (L4/5 ventral rhizotomy) model, in which Wallerian
degeneration is restricted only to myelinated efferent fi-
bers, sparing unmyelinated axons, triggers mitosis of
Remak Schwann cells (but not myelinating Schwann cells)
surrounding uninjured C-fibers [99]. Thus, the abnormal
activities of Schwann cells can have broad impacts beyond
the axons they immediately ensheath.

It has long been thought that nociceptive neurons exist
as free nerve endings in the skin free of glial ensheathment
and are directly activated by noxious stimuli. However, a
specialized cutaneous glial cell type termed “nociceptive
Schwann cell”was recently characterized, forming amesh-
like organ with nociceptive fibers in the epidermal-dermal
border [100, 101]. Selective activation of these cells caused
activation of nociceptive neurons and initiated pain.
Ablation of nociceptive Schwann cells or nociceptive
nerves can lead to the other’s retraction, resulting in
neuropathic pain-like hypersensitivity including mechan-
ical, cold, and heat hyperalgesia [102]. These terminal glial
cells, similar to their axon-wrapping counterparts, play key
roles in the initiation and transmission of pain signaling.

Overall, the nociceptive sensory neurons are ensheathed
by glial cells in their terminal branches, on their axons, and
around their cell bodies in the DRG. These glial cells regulate
the extracellular environment under both healthy or chronic
pain conditions. Activation of these cells is both necessary
and sufficient for enhanced nociceptive sensory via the
release of myriad mediators.
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The role of sympathetic nerve sprouting

The sympathetic nervous system consists of two pop-
ulations of neurons, preganglionic and postganglionic
sympathetic neurons. Preganglionic neurons reside in the
spinal cord and extend their axons to connect with post-
ganglionic neurons that lie in paravertebral ganglia chains
along or in prevertebral ganglia. Postganglionic neurons
project efferents to innervate peripheral tissue such asblood
vessels, exocrine glands and organs [103, 104]. Normally, in
healthy conditions, sympatheticpostganglionicnerveshave
no communication with DRG sensory neurons in the pe-
riphery. The sympathetic nervous system (SNS) is involved
in many protective reflexes related to pain, but not in the
generation of pain [105]. However, under some chronic pain
conditions, the sympathetic nervous system is thought to
generate, maintain and exacerbate pain [106–110]. Local
sympathetic blockade or lesion is commonly used to treat
certain pain conditions including complex regional pain
syndrome, phantom limb pain, postherpetic neuralgia,
ischemic pain, cancer pain, skeletal pain and arthritis
pain [111, 112]. Consistently intracutaneous injection with
norepinephrine, one of the neurotransmitters released from
sympathetic postganglionic nerve, can evoke or worsen
pain both pain patients and animals [113–116]. This suggests
that peripheral sympathetic efferents may release neuro-
transmitters, such as norepinephrine, to activate receptors
on nearby cells. Indeed, under some pathological condi-
tions, sympathetic postganglionic nerves can sprout into
peripheral tissue and DRG. We will discuss sympathetic
sprouting in theperipheral tissue in this section, anddiscuss
ectopic sympathetic innervation of the DRG in the next part.

Normally, sympathetic nerves innervate the lower
dermis and hypodermis and do not intersect with the
nociceptive sensory neurons that occupy the upper dermis
and the epidermis. However, sympathetic nerve sprouting
was found in the upper dermis of the lower lip, an area
normally absent of sympathetic innervation, after mental
nerve transection or chronic constriction injury (CCI) of the
mental nerve [117, 118]. Sympathetic nerveswere also found
to sprout into the upper dermis (in some cases, these sym-
pathetic fibers were observed to penetrate the epidermis) of
the plantar skin after CCI of the sciatic nerve [119], subcu-
taneous injection with complete Freund’s adjuvant (CFA)
into the hindpaw [120] and Cuff and spared nerve injury
(SNI) [121]. Similarly, sprouting of sympathetic nerve fibers
with accompanying increasednorepinephrinewasdetected
in experimental sciatic nerve neuromas after sciatic nerve
section and avulsion of the distal stumps [122]. The
Schwann cells which enclosed myelinated sensory fibers
and sympathetic nerve sprouts within the same basal

lamina was also identified in the acute neuroma [123]. In
addition, the neuroma-like structures which consist of
exuberant sprouting sympathetic and CGRP+, NF200+
sensory nerves form in the periosteum in development of
the bone cancer pain [124]. Similar neuroma-like structures
formed by robust sprouting of sympathetic and sensory
nerves was observed in the synovium and periosteum in
painful arthritic knee joints of geriatric mice [125], as well as
near the fracture site in mouse models of bone pain [126].
Those finding indicate that the abnormal sprout sympa-
thetic nerve can cross-talk with pain sensory neuron ter-
minals at the site of periphery and influence the pain signal.

To date, few studies which have directly assessed the
mechanisms or what specifically triggers sympathetic
sprouting in peripheral tissues. Using next gen RNA-Seq
analysis, one study showed significant increases in
expression and enrichment of the nerve growth factor re-
ceptor, TrkA (Ntrk1), in sympathetic ganglia compared too
sensory ganglia [127]. NGF and its high-affinity TrkA re-
ceptor may play an important role in guiding the sprouting
of sympathetic nerves. It has been demonstrated that
collateral sprouting of sympathetic axons is dependent on
the availability of NGF [128]. The potential sources of NGF
may include nonneuronal cells such as macrophages and
Schwann cells as increased NGF expression have been
observed in these cell types after nerve injury [129].

Clinically, blocking sympathetic activation using stel-
late ganglion block, lumbar sympathetic block, celiac
plexus block, superior hypogastric block, and ganglion
Impar block can alleviate chronic pain in about 50% of
complex regional pain syndrome (CRPS) patients. These
patients are thus identified as suffering from sympatheti-
cally maintained pain (SMP) [130, 131]. The exact patho-
logical mechanism of SMP remains unclear. Intradermal
injection with physiologically relevant doses of norepi-
nephrine in patients with SMP evokes more severe pain in
the SMP-affected region of patients than in the contralateral
unaffected region, and in control subjects [115]. Similarly, in
animal models, norepinephrine injected cutaneous can
revive pain during temporary pain relief via sympathetic
blockade [132]. These observations indicate cutaneous
adrenergic receptors/adrenergic hypersensitivity might be
involved in the mechanisms of SMP [133]. The adrenergic
receptor is a class ofGprotein-coupled receptors that consist
ofα-adrenoceptors includingα1- andα2- adrenoceptors, and
β-adrenoceptors including β1-, β2- and β3- adrenoceptors.
Enhanced expression of α1-adrenoceptors (α1-ARs) on iso-
lectin B4 (IB4)+ and NF200+ afferent fibers was found in
injured sciatic nerve, dermal nerve bundles, and the papil-
lary dermis in rats after peripheral nerve injury [134].
Elevated α1-AR expression was observed on nerve fibers in
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the skin of patients suffering from complex regional pain
syndrome [134]. In the rat CCI model, α1-AR expression was
increased in the epidermis and on all types of dermal nerve
fibers including CGRP+, IB4+, and NF200+ fibers in plantar,
but not dorsal paw skin [135] and α2-adrenergic receptors
were found to be involved in the interaction between
sprouted sympathetic nerves and sensory terminals. The
location of α2- receptors is under debate. Some studies
indicate that these receptors are located on the terminals of
postganglionic sympathetic neuron (PGSN) [136, 137],
whereas others have shown them to be absent on sympa-
thetic nerves [138]. The expression and location of β- adre-
noceptors on peripheral nerves after nerve injury have not
been comprehensively reported either.

With regards to chronic pain only a few studies have
examined parasympathetic nervous system sprouting.
Parasympathetic fiber sprouting into the upper dermis
following sensory denervation of the rat lower lip skin was
observed after transections of the mental nerve [139] and
chronic constriction injury (CCI) of the mental nerve [140].
In the chronic cyclpphosphanmide-induced cystitis rat
model, both CGRP+ sensory nerves and parasympathetic
nerve sprouting was observed in the mucosa of the rat
urinary bladder [141].

In summary, though the autonomic and sensory sys-
tems generally do not overlap under healthy conditions,
sympathetic nerves have been found to ectopically sprout
under various chronic pain conditions and can directly
activate/potentiate/sensitize nociceptive neural terminals.
These findings suggest that peripheral parasympathetic
sprouting could be an important pathway underlying
chronic pain.

DRG activation

Immune cells and DRG

In addition to peripheral nerve terminals, modulation of
sensory neuron cell bodies can occur in the ganglia
following peripheral nerve injury and inflammation. The
proliferation and recruitment of a wide range of immune
cells such as macrophages [142, 143], neutrophils [144],
T cells [145, 146] can influence DRGmicroenvironment and
sensitize the excitability of DRG neurons. A comprehen-
sive single-cell transcriptional profiling of DRG cells after
peripheral injury (sciatic nerve crush) and central injury
(dorsal root crush and spinal cord injury) showed that all
injuries increased the proportion of a cells share features
of immune cells while also increasing in macrophage
markers [147]. In addition, a recent study demonstrated a

critical role for DRG macrophages, but not those at the
nerve injury site, in both the initiation andmaintenance of
neuropathic pain induced mechanical hypersensitivity in
both male and female mice [148]. Interestingly the
signaling pathways underlying the interaction between
immune cells and afferents appears to be the same to what
is found in immune cell and DRG cell body interactions.
Thus, targeting these pathways may offer up broad treat-
ments for chronic pain pathologies.

Satellite glial cells and DRG

Satellite glial cells (SGCs) closely envelop cell bodies in
DRGs and TGs. In the tightly packed ganglion, neurons are
usually surrounded by SGCs and are completely isolated
from each other. Small clusters of two or three neurons,
however, are sometimes enclosed within a common SGCs’
envelope, separated only by a thin layer of extracellular
space or a thin SGC sheet [149, 150]. This cluster organi-
zation is high in neonates but decreases progressively with
age [151]. Notably, the interval of extracellular space be-
tween the SGC sheath and the wrapped neuronal surface
has a very constant distance, which is about 20 nm, similar
to the distance found in a synaptic cleft. The structure al-
lows for close interactions between SGCs and neurons [152]
and indicates that SGCs have an important role in the
function of the DRG neurons under healthy or disease
conditions. Recent studies demonstrate that SGCs in DRG
are activated in chronic pain conditions. In this section, we
present studies illustrating how SGCs are activated and
contribute to chronic pain.

Nerve damage induces prominent changes in SGCs,
even when the lesion site is distal to the DRG. It was found
that early blockade of injured primary sensory afferents via
local DRG perfusion with TTX reduces glial cell activation
in both SNI and spinal nerve ligation (SNL) rats [153]. One
important messenger between DRG neurons and SGCs is
ATP. Indeed, it is amajormessenger utilized reciprocally in
neuron- SGC communication. Both cell types can release
ATP, and both express P2Rs to detect ATP signal. There are
various types of P2Rs expressed on DRG/TG on both ro-
dents and human, and under pathological condition, the
expression of P2Rs is upregulated [154–156]. Bradykinin
can sensitize P2Rs on the SGC in response to ATP [157], and
ATP released by DRG neurons can act on P2Rs in SGCs and
activate SGCs [158–160]. The other of important mediator is
nitric oxide (NO). NO synthesized and released by DRG
neurons after peripheral inflammation diffuse into SGCs,
and upregulates cyclic GMP (cGMP) production in SCGs
and activated SGCs [161–163]. Recently, studies observed
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that CGRP receptor components calcitonin receptor-like
receptor (CLR) and receptor activity modifying protein
(RAMP) 1 are expressed in SCGs in the TG in both animals
and human [164, 165]. This observation suggests that this
CGRP receptor signaling might be involved in DRG neuron-
SGC communication.

Activated SGCs exhibit increased glial fibrillary acidic
protein (GFAP) expression, proliferation, increased response
to ATP and nitric oxide, which generate positive feedback.
Meanwhile, the permeability of K+ channel which is the
main channel affecting the depolarization of SGCs is reduced
and receptors such as P2Rs and gap junctions are upregu-
lated. There is no expression of voltage-dependent Na+ or
Ca2+ channels in SGCs [166]. The dominant K+ channel in
SGCs is Kir4.1. Inhibition or silencing of Kir4.1 can increase
ATP release which can excite DRG neurons and induce pain
behavior [167–169].

Components of gap junctions are abundantly
expressed in both DRG neurons and SGCs. These include
connexins (Cx) and Pannexins (Panx). Connexins are the
most abundant, including Cx26, Cx30, Cx32, Cx36, Cx37,
Cx43, Cx45 and Cx46 in neurons and SGCs in DRG and TG.
Under myriad pathological pain conditions including
nerve section, inflammation, chemotherapy-induced neu-
ropathy, the expression of Connexins and coupling by gap
junctions is increased [166, 170–173]. The gap junction

could couple between SGCs, between neuron and SGC, or
between neurons [170, 173, 174]. Neurons isolated by SGCs
do not interact with each other under normal conditions.
However, it was observed that in mice with chronic pain,
depolarization of DRG neurons can evoke electrical activities
in adjacent DRG neurons. This phenomenon was termed
cross depolarization. The SGCs have a key role in cross
depolarization mediated via ATP-P2R signaling [175, 176]
andby gap junctions [177]. Gap junctions canbe identified by
injecting a dye that can cross gap junctions and examining
whether the dye enters nearby cells, or by electrophysio-
logical recording from dissociated DRG and TG neurons in
vitro. Recently, we developed a new imaging technique
which allows for simultaneous monitoring of over 1,600
neurons per DRG in anesthetized mouse. Using this tool, we
found that increased electrical activity in one neuron can
activate adjacent neurons which was named coupled acti-
vation in nerve injury and inflammation (see Figure 3) [178].
Coupled activation resulted from gap junction strengthening
via upregulation of Cx43 in SGCs. Coupled activation and
mechanical hyperalgesia were reduced by both local and
systemic application of a gap junction blocker and also in
Cx43 SGCs conditional knockout mice. Though the under-
lying mechanism of coupled activation is not very clear, the
transmission from neuron to SGC to neuron is feasible, with
neurons and SGCs forming heterotypic gap junctions. Thus,
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Figure 3: Coupled activation of adjacent DRG
neurons in DRG induced by peripheral stimuli
after tissue injury. In healthy DRG, individual
neurons are usually isolated from each
other by SGCs and do not fire together.
In neuropathy-induced chronic pain, however,
multiple neurons become connected by gap
junctions either directly or via SGCs. This form
of ectopic DRG activity is associated with
evoked pain. DRG, dorsal root ganglia;
CCI, chronic constriction injury; CFA, complete
Freund’s adjuvant; SGC, satellite glial cell.
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SGCs are a major contributor to coupled activation and the
resultant mechanical and thermal hypersensitivity [179].
Panx is homologues of gap junction proteins. However, it
formsmembrane channels whichmediate the release of ATP
instead of forming gap junctions [180, 181]. DRG expression
of Panx1 increased in both neuron and SGCs after nerve
injury or inflammation [182, 183]. Panx1 deletion in
GFAP-positive glia cells in DRG totally abolished hypersen-
sitivity, whereas deletion of neuronal Panx1 reduced base-
line sensitivity and the duration of hypersensitivity [184].
This effect indicates that the dominant role of SGCs is ATP
release.

The activated SGCs can release various factors such as
nitric oxide, and cytokines IL-1β, IL-6, TNF via p38MAPK or
Erk phosphorylation pathway [185–189]. ATP can act on its’
canonical receptor found on both SGCs and DRG neurons.
Cytokines can act on each of their receptor on neurons and
increase their excitability. Here, we will not discuss those
cytokines and its’ receptor signaling in DRG neurons
repeatedly.

Recently, one study observed that injected IgG can
primarily bind to SGC in the mice injected with fibromy-
algia syndrome (FMS) patient IgG [190]. FMS is a chronic
pain condition characterized by widespread pain, with 10–
30% of patients were diagnosed with autoimmune rheu-
matological conditions. Despite these predilections of
autoimmunity, the injected FMS IgG does not induce
cytokine production or systemic inflammation in mice. Yet
the injected mice developed pain symptoms similar to
those seen in FMS patients. The IgG only primarily binds to
SGC and increases signs of SGC activity and sensitizes the
DRG neuron. In addition, FMS IgG is restricted to the DRG,
not in the brain and spinal cord. These results suggest that
pronociceptive actions of FMS IgG were driven by periph-
eral mechanisms.

Overall, the past decade of studies has revealed that
SGCs changed under chronic pain situation. Understand-
ing these abnormal characteristics and interactions of SGCs
with sensory neurons could provide a way that might be
utilized therapeutically in the prevention and treatment of
pain.

Sympathetic nerve sprouting into DRGs

Sympathetic sprouting into DRG after nerve injury was has
been reported in rodents [191, 192] and chronic pain patients
since the 1990s [193]. The early studies focused on the
functions of sprouted sympathetic nerves forming “baskets”
around DRG neurons [194]. Later studies revealed that
sprouted sympathetic nerves consisted of both basket-like

structures and excess fibers [195, 196]. Electron microscopy
revealed that sympathetic postganglionic nerves, identified
by tyrosine hydroxylase (TH), were unmyelinated fibers,
with some ending in growth cones [197]. Many vesicle-
containing axonal enlargements (synaptic varicosities) of
sympathetic fibers were found to be among sensory fibers
within the sameRemak bundle, aswell as locatedwithin the
interstitial space of the DRG, and some were even found to
be enclosedwithin the satellite cell capsule surrounding the
DRG soma [197]. These findings indicated that axo-somatic
interactions between sprouting sympathetic nerves and
DRG sensory neuron were mediated via “en passant” type
sympathetic varicosities, not traditional synapses.

The discovery of sympathetic sprouting into DRG
provided a possible anatomical basis for clinical syn-
dromes of SMP. Several studies showed that the activities
of DRG sensory neurons can be modulated by direct sym-
pathetic stimulation [198], and the activation of DRG neu-
rons and evoked pain behaviors including mechanical and
thermal hyperalgesiawas attenuated by sympathectomyor
sympathetic blockade in different nerve injury animal
models [195, 199–201]. One study showed that delayed and
restricted to cold allodynia-like behavior: SNI-related cold
scores were lower in the SNI rat with sympathectomy
compared to the SNI rat [202]. However, the functional
relevance of sympathetic sprouting to neuropathic pain
has been questioned because the degree of sympathetic
dependence of mechanical and cold allodynia was not
correlated to the extent of sympathetic fiber sprouting [203].
Furthermore, sympathetic sprouting was found in rats who
did not have neuropathic pain and the sprouting seemed to
be temporally delayed in comparison to the onset of me-
chanical and cold allodynia after distal nerve injury [202].
Interestingly, sympathetic nerve sprouting has been found
to co-localize with spontaneously active individual neuron
in certain pain models, indicating potential involvement of
ectopic sympathetic activation in spontaneous, but not
evoked pain [198, 204–206]. Recently, we directly demon-
strated the necessity and sufficiency of DRG sympathetic
sprouting in neuropathicmediated spontaneous pain using
in vivo imaging and chemogenetic approaches [207].
Intriguingly, in vivo whole DRG imaging revealed that
sprouting sympathetic nerves following peripheral nerve
injury triggered a previously uncharacterized form of
abnormal spontaneous activity in DRG neurons (see
Figure 4). This distinct form of spontaneous activity was
seen as clusters of adjacent DRG neurons firing synchro-
nously and sporadically, a phenomenonwe termed “cluster
firing”. Importantly, the level of cluster firing directly
correlated with spontaneous pain behaviors. Cluster firing
occurred in areas of DRGs that colocalize with sympathetic
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nerve fiber sprouting. Using specific chemogenetic and
pharmacological manipulations, we showed that the ac-
tivity of sprouting sympathetic nerves is both necessary and
sufficient for DRG cluster firing and spontaneous
pain [207, 208]. Further, we identified norepinephrine (NE)
as a key neurotransmitter in this pathway by visualizing NE
activity using a genetically encoded NE sensor and by
pharmacological blockade of α- and β- adrenergic re-
ceptors. These findings provide direct evidence that sym-
pathetic nerves can evoke populations of DRG neurons in
vivo, leading spontaneous pain during neuropathy.

Next, we will discuss what kinds of DRG neurons are
involved in interactions with sympathetic nerve sprouting.
Using histochemical staining, a wide range of DRG cell
body sizes were observed to be wrapped by sympathetic
nerve sprouting. Thiswrapping took on two forms, a basket
formation, while the other was characterized by excess
sympathetic fiber encapsulation [2, 20]. Both basket for-
mation and excess fibers can affect excitability of nearby
individual DRG neurons [12, 21]. In addition, using elec-
trophysiological recordings, both myelinated A and un-
myelinated C afferents were observed to respond to
sympathetic stimulation in consequence to transection and
ligation of the sciatic nerve [200]. Interestingly, the cluster
firing contained all sizes of DRG neurons and the cluster

firing sites colocalized with sites of sympathetic nerve
sprouting [207]. Norepinephrine was identified as the key
neurotransmitter released from sprouting sympathetic
nerves, but there is no consensus on the sensitivity to
norepinephrine of DRG neurons after nerve injury. NE
increased excitability of all sizes of DRG cell bodies when
measured usingwhole-cell patch-clamp recording [209–211].
All studies of the effect of NE onDRGneuronswere limited to
in vitro dissociated DRG neurons. Under in vivo conditions,
we found that theDRGneurons of SNImicewith clusterfiring
showmore hypersensitivity toNE, compared toDRGneurons
of naïve mice or SNI mice without cluster firing at 21–28 day
after SNI. The neuronswith hypersensitivity to NE contain all
neuron sizes, with most neuron clusters responding to
500 μmol/L NE.

Local blockade of α or β receptors at the level of the
DRG reduced spontaneous cluster firing initiated by sym-
pathetic nerve sprouting due to peripheral nerve injury.We
detected the expression of α1, α2, and β receptor mRNA in
the DRG in the SNI model, consistent with our pharmaco-
logical results [207]. There are many studies that are
consistent with the idea that both alpha and beta receptors
may be expressed, although unfortunately there are some
disagreements in the literature about the exact subtypes
present. Analysis of expression in particular subtypes of
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Figure 4: DRG cluster firing induced by ectopic
sympathetic sprouting in neuropathic pain.
Under normal conditions, there is no
crosstalk between sympathetic nerve and the
cell bodies of DRG neurons. Under
pathological conditions, such as peripheral
nerve injury, sympathetic fibers sprout into
the DRG, release norepinephrine that
activate adrenergic receptors on DRG
neurons, causing large clusters of neurons to
fire simultaneously. This phenomenon is
closely associated with spontaneous pain
without any external stimuli. DRG, dorsal root
ganglia.
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neurons in uninjured mice found that α1, α2, and β sub-
types are expressed in some types of both myelinated and
nociceptor categories [15]. In mice, there was relatively
high expression of both α and aβ subtypes of adrenor-
eceptor in the DRG as well as some additional subtypes at
10–20-fold lower levels; these were maintained in the SNI
model (day 30) [212]. A recent study of gene expression in
subtypes of mouse DRG sensory neurons over the course of
various pain models confirms the presence of several types
of α and β subtypes in both myelinated and nociceptive
subtypes; however, the absolute expression levelswere not
available in this study [213]. In that study the model most
similar to SNI that was studied was sciatic nerve transec-
tion (for which expression changes were modest), and the
latest time point given was seven days. However, in gen-
eral, the literature supports the presence of both α and β
subtypes inmultiple types ofmouse sensory neurons. More
specifically, extensive literature shows that rodent DRG
sensory neurons can be excited by norepinephrine,
especially after nerve injury, and although there are
some discrepancies about which particular receptor
subtype is involved, there are studies showing that α1
receptors [214–216], α2 receptors [211, 217–221] and β [222, 223]
receptors are expressed in DRG. Most of those studies
relied on pharmacological approaches, with both local or
systemic administration of the specific agonists or antag-
onists of each adrenergic receptor subtype. Notably,
adrenergic receptors have also found to be expressed in
immune cells and keratinocytes. Even on the sympathetic
nerve terminal, there is data supporting expression of α2
receptors. Activation of this subtype was found to be
inhibitory rather than excitatory similar to activation of α2
receptors on DRG cell bodies as referenced above.

There are currently two proposed sources of sympa-
thetic neuron sprouting depending on the different injury
models. After CCI, sympathetic nerves that innervate blood
vessels and dura (probably intact) sprouted into DRG, but
after SNL, sympathetic nerves (probably axotomized)
invaded from the injured spinal nerve [201]. There is a
myriad of molecular factors involved in sympathetic DRG
sprouting, such as NGF [201, 224, 225], neurotrophin-3
(NT3) [226], interleukines [201], or Leukemia inhibitor fac-
tor (LIF) [194, 227]. The precise molecular mechanism by
which sympathetic nerves invade the DRG during neuro-
pathic pain remains yet to be elucidated.

The sympathetic nerve sprouting can affect not only
DRGneurons, but alsogliaand immunecells. For this review
we focused discussion on the intraganglion sympathetic-
sensory interactions.

The potential for therapeutic
targets

Although therapeutic options for chronic pain exist,
chronic pain still remains poorly controlled and under-
managed. Originally contraindicated for chronic pain,
opioid use for chronic pain treatment began to increase in
the 1990s. Although opioids can be modestly effective,
their adverse effects and risks of abuse that accompanies
long term use has motivated efforts to find other thera-
peutic targets for pain. Clinical translation of novel basic
science targets found in both the CNS and PNS have
emerged in recent years. Sensitization of peripheral sen-
sory neurons leads to chronic pain, thus factors which can
reduce this hyperexcitability of sensory neurons can be
thought of as potential clinical therapeutic targets. Various
receptors and ion channels expressing on pain sensory
neurons can affect the excitabilities of neurons directly.
Ion channels such as TRPV1 [228] or TRPA1 [229], GPCRs
such as CGRP receptors [230], as well as voltage gated
sodium [231, 232] or potassium channels [233, 234] have
undergone or are undergoing clinical trials for the treat-
ment of chronic pain. Furthermore, the elements which
influence the trafficking and expression of these receptors
and ion channels could lead to further clinical translation.
Additionally, non-neuronal elements mentioned in this
review could lead to further translational targets, these
include neurotrophin signaling [235, 236], chemokine
signaling [237] and peripheral glia cells [238, 239]. Finally,
the promise of precision medicine may soon come to
fruition, as more research has illuminated the specific ge-
netic loci of individuals who may be more susceptible to
various chronic pain conditions.

Conclusion and remarks

An unbiased single-cell transcriptional profiling of DRG
cells demonstrated distinct molecular changes in non-
neuronal cells in response to peripheral nerve injury and
dorsal root injury. In Schwann cells, macrophage and SGC
gene expression changes were the largest after peripheral
injury, but also occurred after dorsal root crush and spinal
cord injury [147]. This suggests that non-neuronal cells
play a key role in peripheral sensitization.

Multiple mediators released by non-neuronal cell
types affect the functions of nociceptive neurons during
chronic pain. Advances in our understanding of these
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molecular mechanisms provide ample opportunity for the
development of novel pharmacological treatments for pain
syndromes. Although this review took a neuron-centric
view and discussed factors and cell types that directly
affect sensory neuron function, complex interactions be-
tween the epithelial, immune and glial cell types are also
important in neuropathic pain.

Detailed cellular and behavioral analyses reveal that
the triggers for evoked pain differ significantly from those
of spontaneous pain, suggesting future research and clin-
ical treatments should consider differentiating between the
two. Several clinical trials targeting mediators such as
NGF- the TrkA for chronic pain syndromes have reached
Phase II and III, and for osteoarthritis Phase III are
currently underway.

Several key questions remain to be answered about the
pathogenesis of chronic pain. First, the precise pathology
of how acute pain transitions to a chronic phase remains
unclear. Second, the neuro-immune interactions causing
persistent immune cell activity without proper resolution
remain incomplete. Third, the molecular factors that
trigger sympathetic sprouting in both the periphery and
DRG are yet to be uncovered. Finally, the COVID-19
pandemic has many features that could potentially in-
crease the prevalence of chronic pain; however, the
mechanisms of COVID-related pain remain unclear. It is
worthwhile to determine if chronic pain is observed in
COVID-19 animal model.

In the future cell type specific genetic manipulations,
gene therapy, targeted pharmacological interventions hold
the promise to eventually resolve these puzzles and hope-
fully lead to new and effective chronic pain treatments.
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